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Research  Overview 


This  report  serves  as  the  final  summary  of  our  research  under  the  FlumeCAD  program  as  part  of  the 
Composite  CAD  Program.  In  this  report  we  will  discuss  the  proposed  objectives  of  the  FlumeCAD 
program  and  the  accomplishments  over  the  course  of  the  program. 

Pro2ram  Summary 

The  goal  of  the  FlumeCAD  project  is  to  create  a  CAD  system  to  allow  start- to-fmish  design  of  a  broad 
class  of  Microchemical  Fluidic  Systems.  This  requires  the  capability  for  full  simulation  of  the  microfluidic 
molecular  system  (Microflume)  systems  at  a  time  domain  system  level  and  tools  for  optimizing  and 
programming  designs.  Typical  microchemical  systems  comprise  of  both  active  and  passive  components. 
Examples  of  active  components  include  switches,  injectors,  reaction  wells  etc.  Passive  components,  on  the 
other  hand,  are  the  wires  connecting  the  active  components  to  create  the  entire  device.  At  Coventor,  we 
have  undertaken  the  task  of  providing  the  design  capability  for  the  entire  system.  The  first  part  of  this 
program  was  the  NetFlow  project,  previously  completed  under  DARPA  funding.  The  NetFlow  program 
was  aimed  at  developing  the  capability  to  model  the  diverse  transport  phenomena  that  are  present  in 
microchemical  systems  -  these  include  pressure  driven,  electrokinetic  and  diffusive  transport.  The 
FlumeCAD  program  extends  this  toolkit  to  include  the  simulation  of  the  active  components  as  well  as 
provide  the  capability  to  extract  behavioral  models  for  the  individual  components.  Tools  for  simulating  the 
entire  device  at  the  full  time  domain  system  level  are  also  part  of  this  program. 

The  overall  program  summary  is  as  follows: 

•  All  milestones  originally  set  forth  in  the  program  have  been  met.  Some  of  the 

tasks  were  completed  well  ahead  of  schedule,  whereas  some  others  were  delayed  for  various 
reasons,  but  we  were  able  to  accommodate  the  delays  by  faster  progress  in  other  areas. 

•  The  FlumeCAD  software  has  been  released  commercially.  Four  versions  of  the 
software  were  released  during  the  course  of  this  program  -  each  version  added 
new  functionality  and  enhanced  existing  functionality  based  on  user  feedback 
and  program  milestones.  Additionally  a  newer  version  has  been  released  in  Q1 
2001,  after  the  completion  of  the  program.  Future  releases  are  planned  in  the 
next  several  years.  The  software  is  available  on  Sun,  HP,  SGI  and  Windows 
NT  Platforms.  The  User’s  Guide  and  Reference  Manuals  give  much  more 
details  about  the  software  and  its  use. 

•  The  FlumeCAD  tool  set  allows  start-to-fmish  design  of  the  entire 
microchemical  device.  This  includes: 

o  Enhancements  to  the  layout  generator  to  support  fluidic  devices.  This 

includes  support  for  curves,  layout  generators  for  characteristic  geometries 
relevant  to  microchemical  devices  and  interoperability  with 
a  wide  variety  of  standards. 

o  Mesh  Generation  for  isotropically  etched  cross  sections  as  is  typical  of 
these  devices.  Additionally  mesh  generation  for  circular  and 
trapezoidal  cross  sections  is  also  supported  at  FlumeCAD  user  request, 
o  A  set  of  solvers  for  active  component  modeling  including  switching, 
injection,  reactions  etc.  Passive  component  modeling  is  also 
incorporated  within  the  FlumeCAD  suite  and  was  developed  under 
NetFlow. 

o  FlowMM,  an  extraction  tool  for  extracting  behavioral  models  for  flow 
resistance  and  inertance  through  microchannels.  This  is  since  been 
expanded  to  other  models  as  well. 
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o  FlowLib,  a  library  of  parameterized  components  for  time-domain 
system  simulation  of  microchemical  devices.  This  includes 
transport  components,  mechanical  actuators,  electrokinetic 
injection  and  switching  components  as  well  as  several  other 
components  relevant  to  typical  devices. 

•  The  software  tools  are  in  continued  development  with  additional  releases  planned  for  the  next 
several  years.  Current  users  include  both  industrial  and  academic  groups. 

•  Experimental  support  for  the  program  was  provided  by  Caliper  Technologies  and  the  University 
of  Washington.  Caliper  provided  Coventor  with  data  from  electrokinetic  experiments,  including 
switching,  dispensing,  converters  and  reaction  experiments.  UW  provided  Coventor  with  data 
from  the  no-moving-parts  valve  driven  pump  and  shared  data  about  an  H-filter  from  an  associated 
group.  In  addition,  Coventor  obtained  validation  data  from  Harvard,  Gamera  Biosciences, 
Berkeley,  Stanford  and  several  other  groups  to  assist  in  our  development. 

•  FlumeCAD  has  been  applied  in  predictive  design  of  electrokinetic  components  that  have 
subsequently  been  validated  experimentally.  In  each  case,  the  component  behavior  was 
significantly  enhanced  after  the  CAD  design.  To  our  knowledge,  this  is  the  first  example  of  the 
successful  application  of  CAD  tools  in  this  area. 

•  Data  analysis  tools  were  developed  in  the  program  to  enable  the  validation  of  simulation  and 
experimental  results.  These  tools  are  available  as  part  of  the  software. 

•  Several  research  publications  and  presentations  have  emerged  over  the  course  of  this  program. 
This  includes  papers  at  pTAS,  Hilton  Head  and  MEMS.  A  complete  list  including  copies  of 
papers  is  attached  in  Appendix  1 . 

•  FlumeCAD  use  in  component  and  system  design  was  referenced  in  13  papers  at  pTAS  2000. 
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Section  1:  Introduction 


Overview 


The  libraries  have  been  developed  to  allow  system  level  designers  to  incorporate  MEMS  (Micro  Electrical 
Mechanical  Systems)  into  their  design  using  a  top-down  system  level  approach.  Use  of  the  models  supplied 
with  these  libraries  enables  system  designers  to  simulate  and  rapidly  evaluate  multiple  options  and  feed 
highly  accurate  behavioral  models  to  the  device  designer.  The  behavioral  models  describe  building  blocks 
for  a  MEMS  device.  A  designer  using  the  behavioral  models  need  not  start  from  scratch  by  designing  and 
modeling  every  element  of  the  MEMS  device.  The  use  of  these  models  provides  a  top-down  method  to 
design  a  MEMS  device  much  faster  and  more  reliably  than  using  a  bottom-up  detailed  device  model  and 
analysis.  For  example,  the  results  of  a  benchmark  design  effort  comparing  the  time  required  for  a  top-down 
design  with  the  time  required  for  a  bottom-up  design  showed  a  time  savings  of  nearly  4  weeks  for  the  same 
device.  Depending  on  the  complexity  of  the  design,  the  time  savings  could  be  even  greater.  Furthermore, 
the  number  of  prototyping  cycles  needed  to  complete  the  product  design  could  be  reduced,  as  the  system 
model  analyzes  a  much  more  detailed,  complex  behavior  than  even  the  most  extensive  FEM  analysis  could. 
Finally,  in  addition  to  productivity  gains  resulting  from  the  time  savings,  the  top-down  approach  reduces 
personnel  training  requirements  because  system  designers  will  not  be  required  to  be  MEMS  design  experts. 
The  following  table  shows  the  libraries  available  and  their  respective  documentation. 
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1.1:  Fluidics  Model  Library 

The  library  consists  of  four  channels  (Straight  Channel,  Elbow,  U-Bend,  and  a  Right  Angle  channel), 
Meander,  Reservoir,  Diodic  Valve,  FlowMM  resistor,  Low  Reynolds  number  Orifice,  Piston,  Meniscus, 
and  ES  (electrostatic)  actuator.  The  ES  actuator  has  a  voltage  as  input  and  displacement  as  output.  The 
Piston  ports  correspond  to  displacement  and  pressure  difference.  This  allows  the  user  to  analyze  networks 
of  channels  orders  of  magnitude  faster  than  full  3-D  simulation. 
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Section  2:  Model  Description 


2.1:  Overview 


Modeling  fluidic  systems  is  analogous  to  modeling  electrical  circuits.  In  electrical  circuits,  current  flows 
through  an  element  when  voltage  is  applied.  For  example,  an  electrical  resistor  performs  according  to 
Ohm’s  law:  V  =  IR,  where  V  is  the  voltage  difference,  I  is  the  current,  and  R  is  the  resistance.  In  this  sense, 
we  say  that  the  “across”  variable  is  voltage  and  the  “through”  variable  is  the  flow  rate.  An  example  is  a 
pipe  in  a  home  plumbing  system  that  may  have  water  flowing  through  it  at  some  rate.  The  rate  is 
determined  by  the  pressure  within  the  municipal  water  main.  The  pipe  itself  has  some  resistance  (R),  which 
can  be  determined  with  the  formula  P  =  QR  where  the  pressure  drop  (P)  and  the  flow  rate  (Q)  are  known. 
Fluid  resistance  is  illustrated  by  the  difference  of  effort  required  to  drink  a  milk  shake  or  water  through  a 
straw.  In  this  example,  the  resistance  to  flow  can  be  reduced  when  a  straw  with  a  larger  diameter  is  used. 
The  home  plumbing  system  can  be  drawn  as  a  network  of  fluid  resistors  with  each  having  an  R  value 
determined  by  its  diameter  and  curvature  (or  angle).  Abstracting  a  three-dimensional  home  plumbing 
network  as  a  circuit  of  resistors  illustrates  the  basic  concept  of  system  modeling  for  fluidic  networks. 

A  fluidic  network  can  be  composed  of  several  different  elements  connected  by  wires.  The  wires  represent  a 
connection  between  the  elements  that  communicates  only  the  P  and  Q  values.  Each  element  behaves  with  a 
certain  relationship  between  P  and  Q,  and  the  system  as  a  whole  is  solved  so  every  wire  between  elements 
has  a  net  flow  in  equal  to  the  net  flow  out,  which  in  electrical  circuits  is  called  Kirchoff  s  Law.  For 
example,  flow  that  enters  the  bottom  of  a  T-junction  can  go  out  the  top  either  to  the  left  or  the  right.  The 
sum  of  the  flows  through  the  arms  must  equal  the  flow  entering  the  bottom.  In  system  modeling,  a 
connection  of  wires  like  this  is  referred  to  as  a  node.  The  solution  to  the  system  is  found  when  all  nodes 
have  a  sum  of  flows  equal  to  zero.  Basically,  the  system  can  be  as  complicated  as  desired,  but  in  the  end 
elements  are  only  plugged  into  adjacent  elements. 

A  great  deal  of  experience  in  analyzing  circuits  has  been  gained  by  electrical  circuit  designers.  Because  of 
their  analogous  natures,  the  same  principles  can  be  directly  applied  to  fluidic  networks.  Systems  can  be 
analyzed  for  steady  state  solutions  (DC  Operating  Point),  flows  that  change  in  time  (Transient  analysis), 
resonances  (AC  analysis),  loops  through  a  range  of  element  properties  and  a  host  of  other  useful  analyses. 
The  analysis  output  is  a  graphical  tool  that  shows  signals  versus  time.  Post-processing  of  the  signals  allows 
the  user  to  seek  whatever  useful  information  is  desired. 

The  greatest  benefit  of  system  modeling  is  the  speed  of  a  design  cycle,  where  runs  can  be  repeated  for 
different  element  properties  in  mere  seconds,  compared  to  complete  recalculation  of  a  full  three- 
dimensional  problem  that  could  take  hours  or  days.  Speed  up  is  possible  because  the  full  three-dimensional 
behavior  has  been  preprocessed  and  extracted,  either  analytically  or  empirically,  and  reduced  to  a  non¬ 
linear  relationship  (usually  an  ordinary  differential  equation  or  ODE)  between  P  and  Q.  It  is  for  this  reason 
that  library  elements  are  for  specific  geometries  or  physical  cases  and  are  tailored  for  the  problems  the  user 
wants  to  solve. 

The  library  elements  provided  by  FlowLib  include  a  variety  of  channels  for  pressure-driven  flows, 
electrokinetic  elements  for  studying  electrokinetic  transport  of  species  such  as  DNA,  meniscus  elements  for 
modeling  a  liquid-gas  interface,  some  specialized  elements  for  internal  flows,  and  transducers  for 
expanding  the  network  to  mechanical  or  electrical  domains.  The  library  includes  a  pair  of  elements  to  link 
up  with  the  FlowMM  module  that  extracts  flow  behavior  of  an  arbitrary  two-port  element.  The  complete 
list  of  library  elements  is  found  in  the  table  on  the  next  page. 
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2.2:  Library  Description 
2.2.1  Fluid  Models 

Each  of  the  system  model  components  of  the  MemSys  fluidics  library  is  discussed  in  detail  in  the  next 
section.  This  includes  a  description  of  the  model,  the  types  of  port(s)  connected  to  the  component,  and  the 
input  required  by  the  user.  The  "through"  and  "across"  variables  that  characterize  most  of  the  components 
are  as  follows: 

Hydraulic  domain:  Flow  Rate,  Pressure 
Mechanical  domain:  Force,  Displacement 
Electrical  domain:  Current,  Voltage 

Some  of  the  components  will  have  a  combination  of  hydraulic  (pressure),  mechanical  (displacement),  and 
electrical  (voltage)  ports.  Note  that  this  concept  of  the  "through"  and  "across"  variable  does  not  apply  to  the 
electrokinetic  elements.  The  units  for  the  input  variables  are  in  MKS.  In  some  cases  default  values  are 
shown  (e.g.  mobility=20n).  The  table  below  describes  the  notation  that  may  be  used  to  set  values  in  the 
input  fields. 
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2.2.2  Cross  Sections 


Circular,  rectangular,  and  D-shaped  cross  section  dimensions  are  shown  in  Figure  2-1. 
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Figure  2-1.  O rasa  swtlons  s&hgimjrtios. 

2.3:  Model  Descriptions 
2.3.1  Air  Pocket 

This  template  models  an  air  pocket  as  an  ideal  gas  undergoing  compression  and  expansion.  The  pin  "x"  is  a 
translational  pin  representing  the  position  of  a  piston  that  exerts  a  force  against  the  gas.  The  other  walls 
surrounding  the  gas  are  all  fixed  to  ground.  The  equilibrium  state  of  the  gas  is  at  pressure  p_0  and  volume 
height_0*area,  and  the  gas  has  an  adiabatic  gas  constant  gamma  (CP/CV),  which  for  air  is  typically  1.4. 
The  thermodynamic  process  governing  the  change  of  state  of  the  gas  is  either  adiabatic  (insulated)  or 
isothermal  (temperature  is  constant).  A  polytropic  process  can  be  modeled  by  changing  gamma  to  a  value 
between  1  and  1.4.  Note  that  the  maximum  positive  force  the  air_pocket  model  simulates  (when  the  air 
pocket  is  being  expanded)  is  area*p_0,  so  expanding  with  a  force  more  than  that  can  result  in  an  unstable 
regime. 
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2.3.2  Air  Pocket  -  Linearized 


This  template  models  an  air  pocket  as  an  ideal  gas  undergoing  compression  and  expansion.  The  force  is 
linearized  about  the  equilibrium  position  in  this  model  and  should  not  be  used  if  the  displacements  are 
greater  than  5%  of  the  height. 
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2.3.3  Burst  Valve 

This  template  represents  a  burst  valve,  or  as  it  is  sometimes  known,  a  capillary  break.  Fluid  in  a  circular 
channel  reaches  a  square  edged  opening  into  a  larger  channel,  and  a  meniscus  forms  at  the  opening.  The 
meniscus  has  a  pressure  drop  associated  with  it  that  can  prevent  the  fluid  from  exiting  the  channel,  and 
therefore  acts  as  a  valve. 

This  model  assumes  the  valve  is  used  only  once,  and  once  it  has  burst,  the  valve  acts  as  a  low-Reynolds- 
number  orifice.  The  valve  does  not  form  again  if  the  flow  reverses  after  bursting. 

The  model  assumes  the  opening  is  circular  and  the  edge  is  square;  that  is,  the  wall  outside  the  opening  is 
perpendicular  to  the  inner  surface  of  the  opening.  The  burst  pressure  and  burst  volume  are  that  of  a 
meniscus  shaped  as  a  spherical  section,  where  p  =  2*surface_tension/radius.  The  valve  bursts  when  the 
volume  equals  the  burst  volume.  The  default  value  for  surface  tension  is  that  of  water  at  15.6  degrees  C. 

The  meniscus  attaches  to  the  comer  of  the  opening,  with  an  angle  measured  inside  the  fluid  to  a  line 
parallel  to  the  wall  outside  the  opening  of  contact  angle  degrees.  A  contact  angle  near  zero  corresponds  to 
a  highly  wetting  fluid,  and  a  contact  angle  greater  than  ninety  degrees  would  correspond  to  a  non- wetting 
fluid. 

If  the  contact  angle  is  greater  than  ninety  degrees,  the  model  will  still  determine  the  burst  condition,  but  the 
shape  of  the  meniscus  at  burst  will  be  a  spherical  section  larger  than  a  hemisphere.  The  "burst_pressure" 
would  be  lower  than  the  pressure  of  a  hemisphere  "max_pressure",  but  the  pressuredrop  signal  might 
show  a  value  higher  than  the  burst_pressure,  which,  occurred  when  the  meniscus  was  about  the  size  of  a 
hemisphere.  The  diameter  of  the  inlet  must  be  smaller  than  the  diameter  of  the  outlet. 

The  output  signal  "pressuredrop"  shows  the  pressure  drop  the  burst  valve  exerts  on  the  system  over  time. 
The  value  changes  suddenly  upon  bursting  to  that  of  a  low-Reynolds-number  orifice. 

The  event  signal  "counter"  switches  from  zero  to  one  when  the  valve  has  burst.  The  output  signal  "volume" 
is  the  time  integral  of  "flow  rate",  which  tracks  the  total  amount  of  flow  since  the  beginning  of  the 
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simulation  that  has  passed  through  the  opening.  The  input  parameter  "fillvolume"  represents  volume  that 
will  be  filled  before  the  meniscus  reaches  the  burst  valve,  if  the  fluid  is  not  yet  at  the  opening.  The  default 
is  zero.  The  output  signals  "burst_pressure",  ’’max_pressure",  and  "burst_volume"  are  the  constants 
determined  by  the  model  and  are  output  for  ease  of  use  for  plotting  in  Scope. 


>iynil>iNl  Niiucs  feurat_vaLvc 


Burst  Valve 


Porte:  pi,  p2  (hydraulic) 


1  sur  Input 

IhxL'ripliiin 

lcwiIu-uL  un^Lu 

i  muI.ilI  ;muLu  in  duru.ruu’--.  huHyuun  IIiiIlI  ljimL  m;i[UTi-il  un  vvjitl  ;lI  mijiI-jI 

liLI vftlun>c=fl 

vftlumc  lo  Jill  before  reaching  valve 

d  LiklcL 

diameter  of  pi  skk,  ntiare  bur^t  recura 

d  otfkt 

■:li;tmL-|-jrmf  pi  sidu..  rnih'l  hu  hiruyr  Ilium  cl  iiilut 

Fiirtbc  c_tcnFipti"  7  3 ,4fn 

Hirlncc  tension 

2.3.4  Diodic  Valve 

This  template  represents  a  generic  flow  channel  with  resistance  and  inertance,  where  the  resistance  depends 
on  the  direction  of  fluid  flow.  Therefore  this  can  be  used  as  a  valve.  Analogous  to  a  diode  in  electrical 
circuits,  this  element  is  called  a  ’’diodic  valve’’.  Forward  flow  is  defined  as  flow  from  pi  to  p2. 

The  diodicity  is  a  positive  number  denoting  the  ratio  of  the  two  flow  rates  measured  when  the  same 
pressure  difference  is  applied  to  the  valve  in  forward  and  reverse  directions.  That  is,  if  the  flow  rate  is  20  in 
the  forward  direction,  and  10  in  the  reverse  direction,  the  diodicity  is  2.  The  diodicity  is  assumed  to  be 
constant  for  all  flow  rates,  so  this  is  a  linear  diodic  valve. 

If  flow  rate  is  positive,  the  resistance  R  is  assumed  to  be  that  of  a  circular  pipe,  so  the  properties  d,  length, 
viscosity  and  density  must  be  entered.  If  flow  rate  is  negative,  the  resistance  is  diodicity*R. 
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2.3.5  Electrokinetic  Elbow 


This  template  models  electrokinetic  transport  of  a  species  along  an  elbow  channel.  The  channel  contains  a 
medium  in  which  the  species  has  a  diffusivity  and  a  mobility.  There  is  an  electric  field  along  the  length  of 
the  channel,  expressed  in  volts/meter.  The  species  enters  the  channel  as  a  band  whose  concentration  versus 
distance  is  approximated  as  a  gaussian  distribution. 

When  connecting  the  electrostatic  bend  elements,  use  the  right-handed  (RH)  or  left-handed  (LH)  elements 
in  the  proper  orientation.  Do  not  flip  these  elements  -  only  rotate  them.  Note  that  a  right-handed  element  is 
different  from  a  flipped  left-handed  element.  If  a  bend  element  is  flipped,  it  will  not  connect  to  the  correct 
pins,  and  will  result  in  errors  in  the  output.  Saber  will  not  object  to  "heightout"  being  connected  to 
"timein". 

The  effect  of  the  elbow  is  captured  by  a  single  parameter,  alpha,  where  the  full-width-half-maximum 
(fwhm)  of  a  band  after  the  bend  is 

fwhmexit  =  alpha  +  fwhms 

where  alpha  is  an  additional  width  caused  by  distortion  due  to  the  bend,  and  fwhm  s  is  the  full-width-half- 
maximum  of  the  band  after  traversing  a  straight  channel  of  equivalent  length.  The  length  of  the  path  is  the 
sum  of  two  leg_lengths  and  one  90  degree  bend  of  radius  bend  radius. 

The  input  pins  denote  the  three  quantities  necessary  to  define  the  gaussian:  height,  width  and  time.  The 
height  is  the 

amplitude  of  the  gaussian,  the  width  is  the  full-width  at  half-maximum  (fwhm)  of  the  gaussian,  and  the 
time  is  the  time  when  the  gaussian  enters  the  channel.  The  output  pins  denote  the  same  quantities  at  the 
exit.  Mobility,  diffusivity  and  electric  field  are  assumed  to  be  constant  along  the  channel. 

DC  operating  point  analysis  of  this  model  will  generate  the  final  state  of  the  system:  time  the  band  enters 
and  exits  the  channel,  widths  (fwhm,  sigma,  1/e  width)  as  the  band  enters  and  exits  the  channel,  height  as 
band  enters  and  exits  the  channel,  and  velocity  of  the  band.  Tip:  check  the  value  of  time  out  of  the  last 
element  in  the  channel  to  determine  how  long  to  run  a  transient  analysis. 

Transient  analysis  will  produce  quantities  versus  time,  as  the  band  resides  in  the  channel.  Signals  are 
height,  widths,  and  position.  The  concentration  profile  of  the  band  in  time  is  also  output  as  bandinput  and 
bandoutput.  To  view  band  input  and  bandoutput  clearly,  the  timestep  must  be  reduced  to  a  value 
approximately  le-6  to  le-8  times  the  residence  time.  Use  a  large  timestep  during  testing  of  the  simulation 
until  all  desired  settings  are  achieved.  Then  reduce  the  timestep  until  the  gaussian  bands  become  visible. 
The  first  run  in  transient  analysis  should  have  "End  Time"  set  to  the  value  of  time  out  of  the  last  element  in 
the  channel.  Using  the  calculator,  the  band  input  and  band  output  could  each  be  plotted  versus  position  to 
show  the  concentration  profile  versus  distance,  rather  than  time.  For  example,  select  and  place  the  two 
signals  band  output  and  position  into  the  calculator.  Select  Wave->f(x)  and  select  "Graph  X". 
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2.3.6  Electrokinetic  Injector 

This  template  represents  an  electrokinetic  injector  that  outputs  the  width  and  height  of  a  gaussian.  The 
gaussian  is  the  amplitude  versus  length  taken  from  a  detector  located  at  the  exit  of  the  injector.  The 
duration  of  the  gaussian  is  taken  to  be  the  width  at  full-width-half-maximum.  Full-width-half-maximum 
(fwhm)  is  the  width  of  the  gaussian  at  the  height  equal  to  half  the  maximum.  The  output  height  of  the 
injector  is  the  amplitude  of  the  final  gaussian  band.  The  units  are  arbitrary,  so  are  denoted 

The  units  of  the  output  fwhm  are  meters.  The  functional  form  of  the  output  fwhm  is  a  fitted  exponential 
with  three  parameters: 

fwhm  =  velocity  *coeff*exp(-l*x**  exponent) 

where  coeff  is  the  coefficient  of  a  fitted  exponential  for  the  time  the  fwhm  passes  a  detector.  Multiplying  by 
the  velocity  yields  the  width  in  meters  of  a  band.  The  velocity  is: 

velocity  =  mobility*  electric  field 

where  electric_field  is  the  electric  field  in  the  exit  arm  of  the  injector. 
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2.3.7  Electrokinetic  Straight  Channel 

This  template  models  electrokinetic  transport  of  a  species  along  a  straight  channel.  The  channel  contains  a 
medium  in  which  the  species  has  a  diffusivity  and  a  mobility.  There  is  an  electric  field  along  the  length  of 
the  channel,  expressed  in  volts/meter.  The  species  enters  the  channel  as  a  band  whose  concentration  versus 
distance  is  approximated  as  a  gaussian  distribution. 

The  input  pins  denote  the  three  quantities  necessary  to  define  the  gaussian:  height,  width,  and  time.  The 
height  is  the  amplitude  of  the  gaussian,  the  width  is  the  full-width  at  half-maximum  (fwhm)  of  the  gaussian, 
and  the  time  is  the  time  when  the  gaussian  enters  the  channel.  The  output  pins  denote  the  same  quantities  at 
the  exit. 

Mobility,  diffusivity,  and  electric  field  are  assumed  to  be  constant  along  the  channel.  DC  operating  point 
analysis  of  this  model  will  generate  the  final  state  of  the  system:  time  the  band  enters  and  exits  the  channel, 
widths  (fwhm,  sigma,  1/e  width)  as  the  band  enters  and  exits  the  channel,  height  as  band  enters  and  exits 
the  channel,  and  velocity  of  the  band.  Tip:  check  the  value  of  time  out  of  the  last  element  in  the  channel  so 
you  have  an  idea  of  how  long  to  run  a  transient  analysis. 

Transient  analysis  will  produce  quantities  versus  time,  as  the  band  resides  in  the  channel.  Signals  are 
height,  widths,  and  position.  The  concentration  profile  of  the  band  in  time  is  also  output  as  bandinput  and 
bandoutput.  To  view  band  input  and  band_output  clearly,  the  timestep  must  be  reduced  to  a  value 
approximately  le-6  to  le-8  times  the  residence  time.  Use  a  large  timestep  during  testing  of  the  simulation 
until  all  desired  settings  are  achieved.  Then  reduce  the  timestep  until  the  gaussian  bands  become  visible. 
The  first  run  in  transient  analysis  should  have  ’’End  Time”  set  to  the  value  of  time  out  of  the  last  element  in 
the  channel. 

Using  the  calculator,  the  band  input  and  band  output  could  each  be  plotted  versus  position  to  show  the 
concentration  profile  versus  distance,  rather  than  time.  For  example,  select  and  place  the  two  signals 
band  output  and  position  into  the  calculator.  Select  Wave->f(x)  and  select  "Graph  X". 
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2.3.8  Electrokinetic  Two  Species  Elbow 

This  template  models  electrokinetic  transport  of  two  species  along  an  elbow  channel.  The  channel  contains 
a  medium  in  which  each  species  has  a  diffusivity  and  a  mobility.  There  is  an  electric  field  along  the  length 
of  the  channel,  expressed  in  volts/meter.  Each  species  enters  the  channel  as  a  band  whose  concentration 
versus  distance  is  approximated  as  a  gaussian  distribution. 

When  connecting  the  electrostatic  bend  elements,  use  the  right-handed  (RH)  or  left-handed  (LH)  elements 
in  the  proper  orientation.  Do  not  flip  these  elements  -  only  rotate  them.  Note  that  a  right-handed  element  is 
different  from  a  flipped  left-handed  element.  If  a  bend  element  is  flipped,  it  will  not  connect  to  the  correct 
pins,  and  will  result  in  errors  in  the  output.  Saber  will  not  object  to  "height  ouf '  being  connected  to 
”time_in”. 

The  effect  of  the  elbow  is  captured  by  a  single  parameter,  alpha,  where  the  full-width-half-maximum 
(fwhm)  of  a  band  after  the  bend  is 

fwhmexit  =  alpha  +  fwhms 

where  alpha  is  an  additional  width  caused  by  distortion  due  to  the  bend,  and  fwhm  s  is  the  full-width-half- 
maximum  of  the  band  after  traversing  a  straight  channel  of  equivalent  length.  The  length  of  the  path  is  the 
sum  of  two  leg  lengths  and  one  90  degree  bend  of  radius  bend  radius.  The  alpha  for  each  species  could  be 
different,  but  in  most  applications  both  alpha  1  and  alpha2  are  going  to  be  set  to  the  same  value. 

The  input  pins  denote  the  three  quantities  necessary  to  define  each  gaussian:  height,  width  and  time.  The 
height  is  the  amplitude  of  the  gaussian,  the  width  is  the  full- width  at  half-maximum  (fwhm)  of  the  gaussian, 
and  the  time  is  the  time  when  the  gaussian  enters  the  channel.  The  output  pins  denote  the  same  quantities  at 
the  exit.  Mobilities,  diffusivities  and  electric  field  are  assumed  to  be  constant  along  the  channel.  DC 
operating  point  analysis  of  this  model  will  generate  the  final  state  of  the  system:  time  the  band  enters  and 
exits  the  channel,  widths  (fwhm,  sigma,  1/e  width)  as  the  band  enters  and  exits  the  channel,  height  as  band 
enters  and  exits  the  channel,  and  velocity  of  the  band.  Tip:  check  the  value  of  time_out  of  the  last  element 
in  the  channel  to  determine  how  long  to  run  a  transient  analysis. 

The  two  species  have  different  mobilities  and  diffusivities.  The  separation  of  the  two  species  at  the  exit  is 
determined,  and  shown  in  the  output  signals,  and  can  be  used  for  a  cross-over  plot. 

Transient  analysis  will  produce  quantities  versus  time  since  each  band  resides  in  the  channel.  Signals  are 
height,  widths,  and  position.  The  concentration  profile  of  the  band  in  time  is  also  output  as  bandinput  and 
bandoutput.  To  view  band  input  and  bandoutput  clearly,  the  timestep  must  be  reduced  to  a  value 
approximately  le-6  tole-8  times  the  residence  time.  Use  a  large  timestep  during  testing  of  the  simulation 
until  all  desired  settings  are  achieved.  Then  reduce  the  timestep  until  the  gaussian  bands  become  visible. 
The  first  run  in  transient  analysis  should  have  ’’End  Time”  set  to  the  value  of  time  out  of  the  last  element  in 
the  channel. 
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Using  the  calculator,  the  bandinput  and  bandoutput  could  each  be  plotted  versus  position  to  show  the 
concentration  profile  versus  distance,  rather  than  time.  For  example,  select  and  place  the  two  signals 
band  output  and  position  into  the  calculator.  Select  Wave->f(x)  and  select  "Graph  X". 


Symliihl  Njmc  nk_[  .1  l_Cw-n _ u  ItiLNi/v 

I  k  I  III  Lwo  tlhnw 
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b«gllL LiUll 

he  inhl  out 

ftUniL  OUtl 

rull-wiJlh-hdktflxitiiiiiiQ  out  (mcteri) 
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Electric  Held  driving  EK  flow  (V/m) 
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i  i-.ih-i  lil  ■,  1  -  2tln 

Muhilicy  Liftin'  firsl  spLous  in  lltaj  n  indium  (m‘2- VV| 
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Mobility  of  the  second  ffpccicM  in  liho  medium  (nffflVs) 
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2.3.9  Electrokinetic  Two  Species  Straight  Channel 

This  template  models  electrokinetic  transport  of  two  species  along  a  straight  channel.  The  channel  contains 
a  medium  in  which  each  species  has  a  diffusivity  and  a  mobility.  There  is  an  electric  field  along  the  length 
of  the  channel,  expressed  in  volts/meter.  Each  species  enters  the  channel  as  a  band  whose  concentration 
versus  distance  is  approximated  as  a  gaussian  distribution. 

The  input  pins  denote  the  three  quantities  necessary  to  define  each  gaussian:  height,  width,  and  time.  The 
height  is  the  amplitude  of  the  gaussian,  the  width  is  the  full-width  at  half-maximum  (fwhm)  of  the  gaussian, 
and  the  time  is  the  time  when  the  gaussian  enters  the  channel.  The  output  pins  denote  the  same  quantities  at 
the  exit.  Mobility,  diffusivity,  and  electric  field  are  assumed  to  be  constant  along  the  channel. 

DC  operating  point  analysis  of  this  model  will  generate  the  final  state  of  the  system:  time  the  band  enters 
and  exits  the  channel,  widths  (fwhm,  sigma,  1/e  width)  as  the  band  enters  and  exits  the  channel,  height  as 
band  enters  and  exits  the  channel,  and  velocity  of  the  band.  Tip:  check  the  value  of  time  out  of  the  last 
element  in  the  channel  to  determine  how  long  to  run  a  transient  analysis. 

The  two  species  have  different  mobilities  and  diffusivities.  The  separation  of  the  two  species  at  the  exit  is 
determined  and  shown  in  the  output  signals.  It  can  be  used  for  a  cross-over  plot.  Transient  analysis  will 
produce  quantities  versus  time,  as  the  band  resides  in  the  channel.  Signals  are  height,  widths,  and  position. 
The  concentration  profile  of  the  band  in  time  is  also  output  as  bandinput  and  band_output.  To  view 
bandinput  and  bandoutput  clearly,  the  timestep  must  be  reduced  to  a  value  approximately  le-6  to  le-8 
times  the  residence  time.  Use  a  large  timestep  during  testing  of  the  simulation  until  all  desired  settings  are 
achieved.  Then  reduce  the  timestep  until  the  gaussian  bands  become  visible.  The  first  run  in  transient 
analysis  should  have  ’’End  Time”  set  to  the  value  of  time  out  of  the  last  element  in  the  channel. 

Using  the  calculator,  the  band  input  and  band  output  could  each  be  plotted  versus  position  to  show  the 
concentration  profile  versus  distance,  rather  than  time.  For  example,  select  and  place  the  two  signals 
band  outputl  and  position  1  into  the  calculator.  Select  Wave->f(x)  and  select  "Graph  X". 

Symbol  Name:  ek  two  straight 
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Output  Vint* 
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2.3.10  Electrokinetic  Two  Species  U-Bend 

This  template  models  electrokinetic  transport  of  two  species  along  a  u-bend  channel.  The  channel  contains 
a  medium  in  which  each  species  has  a  diffusivity  and  a  mobility.  There  is  an  electric  field  along  the  length 
of  the  channel,  expressed  in  volts/meter.  Each  species  enters  the  channel  as  a  band  whose  concentration 
versus  distance  is  approximated  as  a  gaussian  distribution.  When  connecting  the  electrostatic  bend 
elements,  use  the  right-handed  (RH)  or  left-handed  (LH)  elements  in  the  proper  orientation.  Do  not  flip 
these  elements  -  only  rotate  them.  Note  that  a  right-handed  element  is  different  from  a  flipped  left-handed 
element.  If  a  bend  element  is  flipped,  it  will  not  connect  to  the  correct  pins,  and  will  result  in  errors  in  the 
output.  Saber  will  not  object  to  "heightout"  being  connected  to  "timein". 

The  effect  of  the  u-bend  is  captured  by  a  single  parameter,  alpha,  where  the  full-width-half-maximum 
(fwhm)  of  a  band  after  the  bend  is 

fwhmexit  =  alpha  +  fwhms 

where  alpha  is  an  additional  width  caused  by  distortion  due  to  the  bend,  and  fwhm  s  is  the  full-width-half- 
maximum  of  the  band  after  traversing  a  straight  channel  of  equivalent  length.  The  length  of  the  path  is  the 
sum  of  two  leg  lengths  and  one  180  degree  bend  of  radius  bendradius.  The  alpha  for  each  species  could 
be  different,  but  in  most  applications  both  alphal  and  alpha2  are  going  to  be  set  to  the  same  value. 

The  input  pins  denote  the  three  quantities  necessary  to  define  each  gaussian:  height,  width  and  time.  The 
height  is  the  amplitude  of  the  gaussian,  the  width  is  the  full- width  at  half-maximum  (fwhm)  of  the  gaussian, 
and  the  time  is  the  time  when  the  gaussian  enters  the  channel.  The  output  pins  denote  the  same  quantities  at 
the  exit.  Mobilities,  diffusivities,  and  electric  field  are  assumed  to  be  constant  along  the  channel. 

DC  operating  point  analysis  of  this  model  will  generate  the  final  state  of  the  system:  time  the  band  enters 
and  exits  the  channel,  widths  (fwhm,  sigma,  1/e  width)  as  the  band  enters  and  exits  the  channel,  height  as 
band  enters  and  exits  the  channel,  and  velocity  of  the  band.  Tip:  check  the  value  of  time  out  of  the  last 
element  in  the  channel  to  determine  how  long  to  run  a  transient  analysis.  The  two  species  have  different 
mobilities  and  diffusivities.  The  separation  of  the  two  species  at  the  exit  is  determined,  and  shown  in  the 
output  signals,  and  can  be  used  for  a  cross-over  plot.  Transient  analysis  will  produce  quantities  versus 
time,  as  each  band  resides  in  the  channel.  Signals  are  height,  widths,  and  position.  The  concentration  profile 
of  the  band  in  time  is  also  output  as  bandinput  and  band_output.  To  view  bandinput  and  band_output 
clearly,  the  timestep  must  be  reduced  to  a  value  approximately  le-6  to  le-8  times  the  residence  time.  Use  a 
large  timestep  during  testing  of  the  simulation  until  all  desired  settings  are  achieved.  Then  reduce  the 
timestep  until  the  gaussian  bands  become  visible.  The  first  run  in  transient  analysis  should  have  "End 
Time"  set  to  the  value  of  time  out  of  the  last  element  in  the  channel.  Using  the  calculator,  the  band  input 
and  bandoutput  could  each  be  plotted  versus  position,  to  show  the  concentration  profile  versus  distance, 
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rather  than  time.  For  example,  select  and  place  the  two  signals  bandoutput  and  position  into  the  calculator. 
Select  Wave->f(x)  and  select  "Graph  X". 

Symbol  Naim-:  ckJh_lim_iL_JbeiMl 
c  k_  rh  J  w  i.i _ i.i _ h  end 
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2.3.11  Electrokinetic  U-Bend 


This  template  models  electrokinetic  transport  of  a  species  along  a  u-bend  channel.  The  channel  contains  a 
medium  in  which  the  species  has  a  diffusivity  and  a  mobility.  There  is  an  electric  field  along  the  length  of 
the  channel,  expressed  in  volts/meter.  The  species  enters  the  channel  as  a  band  whose  concentration  versus 
distance  is  approximated  as  a  gaussian  distribution.  When  connecting  the  electrostatic  bend  elements,  use 
the  right-handed  (RH)  or  left-handed  (LH)  elements  in  the  proper  orientation.  Do  not  flip  these  elements  - 
only  rotate  them.  Note  that  a  right-handed  element  is  different  from  a  flipped  left-handed  element.  If  a  bend 
element  is  flipped,  it  will  not  connect  to  the  correct  pins,  and  will  result  in  errors  in  the  output.  Saber  will 
not  object  to  "heightout"  being  connected  to  "timein”. 

The  effect  of  the  u-bend  is  captured  by  a  single  parameter,  alpha,  where  the  full-width-half-maximum 
(fwhm)  of  a  band  after  the  bend  is 

fwhmexit  =  alpha  +  fwhms 

where  alpha  is  an  additional  width  caused  by  distortion  due  to  the  bend,  and  fwhm  s  is  the  full-width-half- 
maximum  of  the  band  after  traversing  a  straight  channel  of  equivalent  length.  The  length  of  the  path  is  the 
sum  of  two  leg  lengths  and  one  180  degree  bend  of  radius  bend  radius. 

The  input  pins  denote  the  three  quantities  necessary  to  define  the  gaussian:  height,  width,  and  time.  The 
height  is  the  amplitude  of  the  gaussian,  the  width  is  the  full- width  at  half-maximum  (fwhm)  of  the  gaussian, 
and  the  time  is  the  time  when  the  gaussian  enters  the  channel.  The  output  pins  denote  the  same  quantities  at 
the  exit.  Mobility,  diffusivity,  and  electric  field  are  assumed  to  be  constant  along  the  channel. 

DC  operating  point  analysis  of  this  model  will  generate  the  final  state  of  the  system:  time  the  band  enters 
and  exits  the  channel,  widths  (fwhm,  sigma,  1/e  width)  as  the  band  enters  and  exits  the  channel,  height  as 
band  enters  and  exits  the  channel,  and  velocity  of  the  band.  Tip:  check  the  value  of  time  out  of  the  last 
element  in  the  channel  to  determine  how  long  to  run  a  transient  analysis. 

Transient  analysis  will  produce  quantities  versus  time  since  the  band  resides  in  the  channel.  Signals  are 
height,  widths,  and  position.  The  concentration  profile  of  the  band  in  time  is  also  output  as  bandinput  and 
bandoutput.  To  view  band  input  and  bandoutput  clearly,  the  timestep  must  be  reduced  to  a  value 
approximately  le-6  to  le-8  times  the  residence  time.  Use  a  large  timestep  during  testing  of  the  simulation 
until  all  desired  settings  are  achieved.  Then  reduce  the  timestep  until  the  gaussian  bands  become  visible. 
The  first  run  in  transient  analysis  should  have  ’’End  Time”  set  to  the  value  of  time  out  of  the  last  element  in 
the  channel.  Using  the  calculator,  the  band_input  and  band  output  could  each  be  plotted  versus  position  to 
show  the  concentration  profile  versus  distance,  rather  than  time.  For  example,  select  and  place  the  two 
signals  band  output  and  position  into  the  calculator.  Select  Wave->f(x)  and  select  "Graph  X". 

Syntn^l  Name:  ck_rfi_u_berKi 
ck_Lti_u_N?nd 
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Input  F^rtr: 
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2.3.12  Elbow  Channel 

This  template  models  fluid  flow  through  a  rigid  elbow  channel  of  three  cross-sectional  shapes:  circular, 
rectangular,  and  dshaped.  D-shape  cross  sections  are  defined  as  follows: 

length  of  long  straight  side  of  "D"  =  width+2*d 

length  of  short  straight  side  of  "D"  =  width 

each  curved  part  of  "D"  is  quarter  circle  of  radius  d 

There  is  a  straight  section  of  channel  at  each  end  of  the  elbow  of  length  0.25*radius  in  order  for  the  flow  to 
be  fully  developed.  Factor  in  the  channel  length  when  calculating  the  total  channel  path.  The  total  path  in 
the  elbow  is  therefore 

length  =  radius*  (pi/2  +  1/2). 

The  true  flow  may  not  be  laminar  if  the  Reynolds  number  exceeds  2000.  Laminar  flow  is  assumed  in  this 
template. 
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User  Input 
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2.3.13  Electrostatic  Actuator 

An  electrostatic  actuator  models  the  displacement  of  a  membrane  that  deforms  due  to  an  electrostatic  force 
induced  by  a  capacitor.  The  membrane  is  composed  of  two  connected  beams,  and  its  vertical  displacement 
is  that  of  the  beams  interconnection  node.  Because  only  vertical  displacement  is  needed,  the  other 
translation  and  rotation  degrees  of  freedom  of  the  beams  are  grounded.  The  capacitance  to  translation 
converter  (transcaptran)  has  voltage  as  input  and  displacement  as  output.  Refer  to  parallel  plate  capacitor 
for  more  information. 
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2.3.14  FlowMM  Resistor  and  Inertor 

This  template  is  used  in  conjunction  with  FlowMM,  which  produces  the  data  files  res_tlu_data.ai_dat  and 
inert _arr ay _data.ai_dat.  FlowMM  calculates  pressure  versus  flow  rate  with  one  parameter.  The  file 
resjlu_data.ai_dat  is  a  table  with  three  columns,  where  the  columns  are  labeled  in  order  as:  pressure  drop, 
parameter,  flow  rate  and  the  data  is  in  MKS  units  (meters,  kilograms,  seconds).  The  field  "datafile”  can  be 
changed  to  a  user-specified  file  name,  where  the  default  is  restludata.aidat. 

The  file  inerttludata.aidat  is  a  table  with  three  columns,  where  the  columns  are  labeled  in  order: 
pressure  drop,  parameter,  and  timeconstant.  The  data  is  in  MKS  units  (meters,  kilograms,  seconds).  The 
field  "datafile"  can  be  changed  to  a  user-specified  file  name,  where  the  default  is  inert _tlu_data.ai_dat. 

This  model  uses  the  data  files  to  represent  a  generic  flow  channel  with  resistance  and  inertance,  where  the 
resistance  is  a  function  of  the  flow  rate.  This  is  the  general  case  of  the  diodic_valve  template. 

The  resistance  can  be  multiplied  by  a  factor,  multiplier_res,  using  the  same  data  file  for  a  device  whose 
properties  have  changed  when  the  resistance  is  known  to  be  linearly  proportional  to  that  property.  Note  that 
P=RQ,  where  P  is  pressure  drop,  R  is  resistance,  and  Q  is  flow  rate.  Multiplying  the  resistance  by  0.5 
doubles  the  flow  rate. 

The  inertance  can  be  multiplied  by  a  factor,  multiplier_inert,  using  the  same  data  file  for  a  device  whose 
properties  have  changed  when  the  inertance  is  known  to  be  linearly  proportional  to  that  property.  Note  that 
P=IdQ/dt,  where  P  is  pressure  drop,  I  is  inertance,  and  Q  is  flow  rate. 
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Svmhihl  Naim1:  fkywinm  ru  -iriLTl 


FlowMM 

Resistor+lnertor 

-W 


Pipri>:  pL  ]  [yd^iulk 

p2  ]  [ydrtuilk 


i:«r  Input:  pflramcter«0 

iflC.it  l3 : i r ii  1.1 1 1_- = H  i ci i_- 1  u  I  kl  i.blLi.LJL  Jut11 
inulLiplirw  iL->=] 

mulLip]icf_ijierl=l 


2.3.15  FlowMM  Resistor 

This  template  is  used  in  conjunction  with  FlowMM,  which  produces  the  data  file  res_tlu_data.ai_dat. 
FlowMM  calculates  pressure  versus  flow  rate  with  one  parameter.  The  file  res_tlu_data.ai_dat  is  a  table 
with  three  columns,  where  the  columns  are  labeled  in  order:  pressure  drop,  parameter,  and  flow  rate.  The 
data  is  in  MKS  units  (meters,  kilograms,  seconds).  The  field  "datafile”  can  be  changed  to  a  user-specified 
file  name,  where  the  default  is  res_tlu_data.ai_dat. 

This  model  uses  the  data  files  to  represent  a  generic  flow  channel  with  resistance,  where  the  resistance  is  a 
function  of  the  flow  rate.  This  is  the  general  case  of  the  diodic_valve  template.  The  resistance  can  be 
multiplied  by  a  factor,  multiplierres,  using  the  same  data  file  for  a  device  whose  properties  have  changed 
when  the  resistance  is  known  to  be  linearly  proportional  to  that  property.  Note  that  P=RQ,  where  P  is 
pressure  drop,  R  is  resistance,  and  Q  is  flow  rate.  To  double  the  flow  rate,  multiply  the  resistance  by  0.5. 


Mymhiil  tlowmn^nsisLor 


B 


FlowMM  Resistor 

— 


■e 


furls:  pi  (MyLlrauki^) 

p2  {Hydraulic) 


User  Input 

Dt&cHprtfciU 

p;iT;imu[LT 

1  iJli  mu.  pipu  di  iimetur 

1  nklc_kMjkup 

IJria  file  spec!  tlcolioru.  mu.1tiplicr_rcy  arwl  mulliplicrjncrl 
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2.3.16  Low  Re  Orifice 


This  template  models  fluid  flow  through  a  sharp-edged  orifice  at  Reynolds  numbers  less  than  10.  Flow 
passes  from  a  pipe  of  inner  diameter  d_in  through  a  circular  orifice  of  diameter  dorifice  in  a  flat  plate  of 
negligible  thickness.  When  connecting  pipes  to  the  orifice  symbol,  do  not  account  for  any  thickness  of  the 
orifice  plate  nor  any  length  of  the  d  in  entry.  The  ratio  of  d  in  to  d  orifice  must  be  greater  than  10. 


Symbol  Barnes  lw_re_orit' 


Low  Re  Orilice 


i 


i 


lFin-|>:  pi  ill-. Ii lj j 

p2  (]  lydnulic) 


User  Input 

riEKiiptiim 

d  in 

In  IlI  pip\:  dimnrfitr 

Orifice  diameter 

viscosity 

Viscosity 

density 

Density 

2.3.17  Meander 

This  template  models  fluid  flow  from  port  pi  to  p2  through  a  meandering  channel.  The  shape  is  composed 
of  90  degree  elbows  and  180  degree  u-bends,  whose  radii  (measured  from  the  centerline  of  the  channel)  are 
defined  by  the  user.  The  rest  of  the  path  is  made  up  of  straight  sections  that  connect  the  two  ports.  All 
channels  are  rigid. 

This  meander  is  designed  to  fit  in  a  footprint  of  length  footpr  l  and  width  footprw,  where  the  footprint  is 
the  smallest  rectangle  enclosing  the  whole  path.  The  ports  are  centered  on  the  width  even  if  there  is  one  u- 
bend.  Zero  u-  bends  is  equivalent  to  a  straight  channel  of  length  footpr_l.  The  user  defines  the  number  of  u- 
bends.  The  rest  of  the  channel  is  assumed  to  fit  symmetrically  between  the  two  ports.  Error  messages  will 
result  if  the  number  of  u-bends  and  the  bend  radii  requested  are  incompatible  with  the  footprint. 

As  with  the  other  templates,  there  are  three  cross-sectional  shapes:  circular,  rectangular  and  d  shaped.  D- 
shape  cross  sections  are  defined  as  follows: 

length  of  long  straight  side  of  "D"  =  xsect_w+2*xsect_d 

length  of  short  straight  side  of  "D"  =  xsect_w 

each  curved  part  of  MD"  is  quarter  circle  of  radius  xsectd 

The  true  flow  may  not  be  laminar  if  the  Reynolds  number  exceeds  2000.  Laminar  flow  is  assumed  in  this 
template. 
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Symbol  Name:  meander 


I'ucIh  pi  1 1  I,...It;iuIil) 

p2  (]  lydraulk) 


Uxe-r  Input 

IlncripiHhn 

xmiL 1  d 

IririLT  ■.  1 1 : l 1 1 1 1  r  ;  ■  r  4 Lc p [  1 1  ^1  L-mss-suL-liim 

KWCl w 

widili  ^fD-chjnEKl  or  iwtmgle  cnHs-Kctiwi 

IbotprJ 

length  of  footprint  tlx:cwx  ii  ports) 

Ibuipr  W 

width  of  footprint 

Hum  uh-.-ihL 

mimfciurof  iL  Kjmk 

uhGnd rnidiiiis 

radius  ofujwnds 

L-]bnw  din* 

radLujorcIbowK 

vi:^isilv 

IolilI  vi:^hisi1v 

density 

focal  density 

uroM-  section 

circular,  rectangular.  d_shn;ped 

2.3.18  Edge  Fixed  Membrane 


This  template  is  a  one-dimensional  model  of  a  thin  plate  subject  to  fixed  boundary  conditions  on  all  edges. 
The  displacement  of  the  center  of  the  membrane  is  normal  to  the  plate  and  is  represented  by  the 
translational_pos  pin,  xdisp.  The  mass  and  spring  constants  of  the  membrane  are  tuned  to  match  a  circular 
or  rectangular  plate. 


MvvtiIfiiI  Vann-:  Tnmnhrani: 


Membrane 


i_Li 

x_disp 


I'iNri  :  *c_disp  4ni4!Lli;imc;il| 


Vatr  Input 

Ihicripthr 

d 

diuniLiei  ol  i:  ir-^]i"  or  depto  oFrcclangle 

wUli]i=uudLl' 

4  LiIlIl  Hf  1  L'kltilttuk 

lIlickTHJNN 

nwriihriniu  ihi  uknLftt 

young&niodulus 

modulus  ofcbstLCfty 

poBMfL nit» 

poissoii  raLio  lor  membrane  mwleriul  (dimemionksa) 

denifty 

]|  ■  LI Ld  1  dLJLIJLy 

Lrc-s-i  slltI  inri 

Lircul  ;ir,  rLil  miivijLii 

22 


2.3.19  Spherical  Droplet 


This  template  models  the  growth  of  spherical  droplets  of  fluid  issuing  from  a  circular  sharp-edged  nozzle  of 
diameter  dnozzle.  The  drop  is  assumed  to  be  a  spherical  section  at  all  times,  where  the  radius  of  curvature 
varies  according  to  the  system.  The  drop  is  considered  to  cut  off  when  the  diameter  of  the  spherical  section 
outside  the  nozzle  is  equal  to  dropthreshold  times  the  nozzle  diameter.  After  cutting  off,  the  meniscus 
becomes  a  spherical  cap  of  volume  cutratio  times  that  of  a  hemisphere. 

Pinchduration  allows  the  user  to  specify  some  time  between  the  cut-off  and  the  cut  ratio  shape.  However, 
the  volume  continues  to  change  during  this  time,  so  after  pinch  duration  has  elapsed,  the  pressure  may 
jump  to  correspond  to  the  volume. 


Symbol  ramiamj 

Mcri&cus 

L 

f 

E^hQ 


Purl :  p  (hydraulic) 


IJxtr  Input 

IhxirrLpImn 

Sulfas  Ini-inri  -  ft. 0734 

KurfaL-c  lcnsi-.ni 

I>IKIZzk 

inner  diameter  of  nozzle 

l>rap thfCHliokl  =  1 .4 

rolio  ol'drop  radius  to  nozzle  ratline  wlicn  drop  h  cut  oJf 

ttii  raLirt  =  0.5 

raiio  of  volume  remaining  iiunUeus  after  culaff la  volume  of  a  heiiUKpbwc 

pinch  durjliLHi 

lime  be  [we  mi  itilI  li  IYlsimI  cut  ralitl  xluipu 

2.3.20  Spherical  Droplet  -  Two  Port 

This  template  models  the  growth  of  spherical  droplets  of  fluid  issuing  from  a  circular  sharp-edged  nozzle  of 
diameter  d  nozzle.  The  drop  is  assumed  to  be  a  spherical  section  at  all  times,  where  the  radius  of  curvature 
varies  according  to  the  system.  The  drop  is  considered  to  cut  off  when  the  diameter  of  the  spherical  section 
outside  the  nozzle  is  equal  to  drop  threshold  times  the  nozzle  diameter.  After  cutting  off,  the  meniscus 
becomes  a  spherical  cap  of  volume  cut  ratio  times  that  of  a  hemisphere. 

Pinch  duration  allows  the  user  to  specify  some  time  between  the  cut-off  and  the  cut  ratio  shape.  However, 
the  volume  continues  to  change  during  this  time,  so  after  pinch  duration  has  elapsed,  the  pressure  may 
jump  to  correspond  to  the  volume.  The  second  port  allows  droplet  to  evolve  due  to  a  vacuum. 


Syirtbid  Njidi':  meniscm  ljIiii 


Meniscus 

"l  □ 


Port:  pi  (liyi.lr.:iijliL'j 

pi  [hydraulic) 


User  Input 

Description 

surface  teu£UML=73.4m 

3/uiSux  tension 

d  nn/vic 

inriLT  lI  liLii  iL'I-jr  ■:  ■[  iuh/£  1  c 

drcvpjhrcslreld  -  1  4 

nib  of  drop  diameter  In  nozzle  dimnclcr^focn  drop  puts  off 

aJ ratio  =  0.5 

ratio  of  volume  o-J' remaining  meniscus  alter  cnt-cdl' to  volume  of  a  hemisphere 

pinch  duration  =  0 

liisue  btlwcen  Hd-offand  curt  ratio  shape 
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2.3.21  Head  and  Neck  Model  of  Droplet 


This  template  models  the  growth  of  spherical  droplets  of  fluid  issuing  from  a  circular  sharp-edged  nozzle. 
The  drop  is  assumed  to  be  a  spherical  section  at  first,  where  the  radius  of  curvature  varies  according  to  the 
system. 

When  the  drop  volume  reaches  a  critical  value,  the  head  of  the  drop  is  assumed  to  pull  away  from  the 
nozzle.  A  neck  begins  to  form  between  the  nozzle  and  the  drop  head,  and  grows  in  length  at  a  fixed 
velocity  equal  to  the  average  velocity  of  the  head.  The  volume  of  the  neck  is  determined  by  the  flow  rate 
into  the  element,  so  the  radius  of  the  neck  can  be  determined.  During  the  neck  stage,  the  pressure  the 
meniscus  element  exerts  on  the  system  is  surface  tension/radius,  or  that  of  a  cylindrical  neck.  The  neck 
pinches  off  when  the  radius  drops  below  a  critical  threshold. 

After  pinching  off,  the  meniscus  that  remains  is  flat  and  at  zero  velocity.  Ejected_volume  tracks  the  total 
volume  ejected  including  past  drops.  The  total  volume  includes  the  head  volume  plus  the  entire  neck 
volume. 


Synilpipl  Name:  n  ilii  isu  iLWh-vk 


Drop  Ejection 


lp4Nii:  ip  (li^druulte) 


1  Krr  Input 

Description 

stidBccJerisicm-^  Am 

sur&iee  tension 

d  i writ 

loon-  diameter  offload  e 

head  1 1 1  t  l:  h  1 1 1 1 1 J  —  1 .4- 

TiilN'  Lil  i.ln.Kp  di  iiniLlLT  lii  diainmcr  when  lioiul  is  funnel 

pLTrch tli  nail  old  -  0.1 

rot  to  of  neck  diameter  to  nozzle  dinmcLer  wlwn  mak  pinches  off 

ciul__naLio  =  OJ 

nirUj  of  volume  of  remaining  meniscus  alter  cnt-ofl'lo  volume  of  a  hemiBphm: 
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2.3.22  Head  and  Neck  Model  of  Droplet  -  Two  Port 

This  template  models  the  growth  of  spherical  droplets  of  fluid  issuing  from  a  circular  sharp-edged  nozzle. 
The  drop  is  assumed  to  be  a  spherical  section  at  first,  where  the  radius  of  curvature  varies  according  to  the 
system. 

When  the  drop  volume  reaches  a  critical  amount,  the  head  of  the  drop  is  assumed  to  pull  away  from  the 
nozzle.  A  neck  begins  to  form  between  the  nozzle  and  the  drop  head,  and  grows  in  length  at  a  fixed 
velocity  equal  to  the  average  velocity  of  the  head.  The  volume  of  the  neck  is  determined  by  the  flow  rate 
into  the  element,  so  the  radius  of  the  neck  can  be  found.  During  the  neck  stage,  the  pressure  the  meniscus 
element  exerts  on  the  system  is  surface  tension/radius,  or  that  of  a  cylindrical  neck.  The  neck  pinches  off 
when  the  radius  drops  below  a  critical  threshold. 

After  pinching  off,  the  meniscus  that  remains  is  flat  at  zero  velocity.  The  parameter,  ejected_volume  tracks 
the  total  volume  ejected  including  past  drops.  The  total  volume  includes  the  head  volume  plus  the  entire 
neck  volume.  Second  port  allows  drop  to  evolve  due  to  vacuum. 


Symbol  Nmnc:  meniscus  riotk  aim 


Drop  Ejection 

. 

1 L;  li  j-~  jS/j 


Ports:  pi  (hydraulic) 
p 2  (hydraulic) 


Vsw  liLpur 

Eteirtripdtin 

Kiwfaee  teLksion=73..-4m 

surface  tension 

d nn.ira;k 

inner  d  i  no  cter  of  nozzle 

li^dJlu^hiiLd  =  1 .4 

ratio  oJ'  drop  diameter  io  nozzle  diameter  -when  head  is  formed 

plilvl'i  ilircilkdiJ  =  0.3 

■  i.'l  i  iL-.  k  dimLiclcr  U>  iwz/Lc  diameter  whim  iiect  pushes  c  IT 

liiI  ralitN-O.S 

ratio  Li  f  vi  ituiiiij  liI  njni^iitini!.  i r i i l  i i l nl'l^jr  cliL-i  i  IV  Cn  jiuniispliLru 

2.3.23  Piston 

This  template  models  the  pressure  imparted  on  a  fluid  by  a  piston  acted  upon  by  a  force.  The  piston 
undergoes  a  translation,  x-xo,  and  the  flow  pressure  difference  is  p-po,  where  xo  and  po  are  ground.  If  the 
fluid  domain  requires  a  rescaling  into  microns,  the  property  length  units  can  be  set  to  microns  to  match. 


Symlnd  N Jirif:  Piston 


_X 


3—  Piston 


P. 
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Iiyilraulit: 

liiL^hiirnLLjl 


? 

K 


Ukkt  In  fimt: 

Hcwriptiihn 

area 

urea  of  piMcw 

[eng  Lh_un.il  s 

hiilL'cl  units  far  iluLJ  skk-ol'piaan  symbol  (idcIctb  of  microns) 

2.3.24  Reservoir 

Reservoir  serves  the  same  purpose  as  a  ground. 


Reservoir  | 

P  =  0  " 


Symbol  Name:  KcHt-Tvoii 

2.3.25  Right  Angle  Channel 

This  template  models  fluid  flow  through  a  rigid  channel  with  a  sharp  right  angle  and  a  rectangular  cross- 
section.  The  length  of  each  leg  is  four  times  its  width.  The  width  is  the  dimension  in  the  plane  of  the  right 
angle.  The  Reynolds  number  should  not  exceed  about  100,  which  is  the  upper  limit  of  the  model. 


MvviiIpinI  \jim-:  Ti^lil_uii^lsJ 


High  I  ftnylt: 


Piprlx:  -pi  1 1 V  J j ;iU JLi: 

pi  Hydraulic 


User  JiLpur 

Description 

V1.  id.  1  ]  i 

uliuiLiLd  ■u.  JlIlIi  in  |>hik:  of  elgiu  unuLc 

Ebi^lC 

l  1 1 ;  1 1 1 1  1  Ml  i;uh[ 

visOTFLly 

visOTFity 

d^iLy 

density 

Li'his>  SOcCloII 

nxcangjuliiitu-LdlJi,  hcLiduiJ 
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2.3.26  Straight  Channel 


This  template  models  fluid  flow  through  a  rigid  channel  of  three  cross-sectional  shapes:  circular, 
rectangular  and  dshaped.  D-shape  cross  sections  are  defined  as  follows: 

length  of  long  straight  side  of  "D"  =  width+2*d 

length  of  short  straight  side  of  "D"  =  width 

each  curved  part  of  "D"  is  quarter  circle  of  radius  d 

The  true  flow  may  not  be  laminar  if  the  Reynolds  number  exceeds  2000.  Laminar  flow  is  assumed  in  this 
template. 


SyulhiL  Nildt:  SlraijjJH  d  Em  Lid 


□Hf 


^Straight  Channelteaa)-E 


Ports:  p  I  ]  [ydraidk 

p2  I  [yJj  ;i  iiJll 


User  Input 

Description 

d 

|[iim:i  diameter  or  depth 

wUfih-urHJcf 

width  tifD-duiniKl  cm  rt'danglc 

LcngLh 

length  (in) 

viicostty 

Local  viscosity 

duiml  v 

Iol;lI  ikiml'r 

ycdinn 

circular,  rcdangular;  d  jshupsri 

2.3.27  Parallel-Plate  Capacitor 

This  template  represents  a  transducer  between  capacitance  and  translation.  It  models  the  electrostatic 
attraction  force  between  two  plates  separated  by  a  dielectric  in  a  gap,  where  a  given  voltage  difference  is 
applied  to  the  plates. 


ISyirtlhKl  Nuupt-:  Tran  sea  pu  an 


Paris 

riEvcriprtHhn 

P 

dix:triu;jl 

M 

dcetrkal 

pobl 

naechanicfll 

p0$2 

lllljclllllhica] 

User  Input 

DtHriptfcn 

area 

Attu  of  electrodes  ofeapaeitur 

l-pr 

Kahili  \€  pennj tivitj  :  n  ciipiLcLloT  u.; ip 

Gnp 

Nominal  gup  bdwwn  electrodes 

K 

Capacilaiicc  eejreelkni  fedor  (Iringing  field  h) 
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2.3.28  U-Bend  Channel 


This  template  models  fluid  flow  through  a  rigid  ubend  channel  of  three  cross-sectional  shapes:  circular, 
rectangular  and  dshaped.  D-shape  cross  sections  are  defined  as  follows: 

length  of  long  straight  side  of  "D"  =  width+2*d 

length  of  short  straight  side  of  "D"  =  width 

each  curved  part  of  "D"  is  quarter  circle  of  radius  d 

There  is  a  straight  section  of  channel  at  each  end  of  the  u  bend  of  length  0.25*radius  in  order  for  the  flow 
to  be  fully  developed.  Be  sure  to  factor  in  that  length  of  channel  when  considering  the  total  channel  path. 
The  total  path  in  the  u  bend  is  therefore 

length  =  radius*  (pi  +  1/2). 

The  true  flow  may  not  be  laminar  if  the  Reynolds  number  exceeds  2000.  Laminar  flow  is  assumed  in  this 
template. 


^vhiImnI  Names  u_bend 


Ports:  pi  Hydraulic 

p2  Hydtaulk 


Vstr Input 

DmHpdofl 

d 

Inner  diiimek-r^r  depth 

Wwtlh=UildLr 

wUlh  orD-ch&und  wt  KiMaitglc 

null  iLi 

null  hi  H^f  lliL,  1  -Ik'nil 

YLW09Lty 

locaJ  viscosity 

density 

LoullI  d i: 3 i i L J. 

Lre-K-i  HUL~1lLin 

circular,  tlltI ji  ihilIi  ir.  ■.!  s h : i  p-_: ■  1 
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Section  3:  Fluidics  System  Modeling  Tutorial 


3.1:  Overview 


This  tutorial  is  an  overview  of  the  design  optimization  of  a  microfluidic  network  for  the  investigation  of 
enzyme  inhibition.  The  fluidic  design  (i.e.  channel  sizes)  will  be  optimized  based  on  the  required  flow  rates 
and  mixing  ratios  of  the  different  species.  The  influence  of  etch  depth  is  investigated  on  a  system  model 
level,  allowing  fast  design  iterations. 

3.1.1  Background 

New  drugs  can  be  developed  using  the  High  Throughput  Screening  (HTS)  methodology.  In  this  approach, 
large  libraries  of  typically  tens  of  thousands  of  drug  candidates  are  synthesized  and  then  tested  against  the 
target  of  interest  (i.e.  cell  membrane  receptor  molecule,  enzymes  etc.).  In  this  screening  phase,  a  number  of 
drug  candidates  (or  ‘leads’)  emerge,  which  show  a  strong  interaction  with  the  target.  These  candidates  are 
subject  to  further  evaluation. 

In  both  the  synthesizing  phase  and  the  screening  phase,  miniaturization  and  parallel  implementation  of 
processes  are  highly  beneficial  since  these  factors  tend  to  decrease  development  times.  The  subject  for  this 
tutorial  is  a  single,  pressure-driven  microfluidic  network  (see  figure  3-1). 
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Figure  3-1  Layout  of  a  Microfluidic  Network  for  Enzyme  Inhibition  Study 


In  this  network,  the  target  protein  is  mixed  with  protease  (i.e.  enzyme  that  cleaves  the  target  protein)  and 
the  protease  inhibitor  (the  drug  candidate).  The  three  liquids  are  driven  at  constant  speed  through  the 
network  by  the  application  of  suction  at  the  waste  well  (0.5  atmosphere).  Mixing  and  reaction  take  place  in 
the  meander  and  the  reaction  mixture  is  optically  investigated  at  the  end. 

It  is  assumed  that  the  inlet  wells  are  at  atmospheric  pressure  and  that  the  wells  do  not  have  any  resistance. 
The  design  is  implemented  by  isotropic  etching  of  glass  (D-shaped  channel  cross-section)  with  the  same 
etch  depth  of  20 pm  in  all  channels.  Finally  it  is  assumed  that  all  liquids  are  aqueous  solutions  at  room 
temperature  and  that  the  chemical  reactions  are  rate  limited  (i.e.  diffusion  proceeds  relatively  quickly). 

In  a  later  phase  of  the  design,  a  number  of  these  individual  units  can  be  put  together  in  an  array  format  to 
allow  the  parallel  screening  of  a  large  number  of  drug  candidates  (see  figure  3-2). 
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Figure  3-2  Array  Format  for  Parallel  Screening 


3.1.2  Design  Requirements 

The  following  requirements  should  be  met  by  the  design: 

•  Pyrex®  substrate,  isotropic  wet  etching  (D-shaped  cross-sections), 

•  Initial  etch  depth  20pm, 

•  At  system  outlet  0.5  bar  (=50  kP)  under  pressure, 

•  Unit  size  9x9  mm,  total  element  size  8x8  mm, 

•  Radius  of  curvature  of  the  centerline  of  the  channels  should  be  at  least  the  width  of  the  channel, 

•  Well  volume  1  pi, 

•  Flow  rate  low  enough  to  let  system  function  for  at  least  60  s  (total  flow  rate  maximal  1  pl/60 
s=33.33  pl/s), 

•  Equal  flow  rate  from  protease  and  protease  inhibitor  wells  (i.e.  8.33  pl/s)  and  twice  the  flow  rate 
from  the  target  protein  well  (16.66  pl/s), 

•  Minimum  mask  width  10  pm, 

•  Residence  time  in  the  meander  is  minimal  1 0  s  to  allow  complete  reaction, 

•  Assume  liquid  properties  for  water  at  20  C. 
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3.2:  First  Design  Pass  -  Building  the  Schematic  (Part  A) 


The  procedure  for  the  first  design  pass  is  as  follows. 

1 .  Start  CoventorWare.  Be  sure  that  Saber  was  installed  (not  installed  by  default). 

2.  Create  a  new  project  called  “drug  screening”,  and  specify  a  settings  file  name  “setting  1  .mps”. 
Note  that  under  the  project  directory  a  schematics  directory  will  be  created  that  will  contain  your 
saved  schematic  file  (.ai  sch). 


3.  Click  on  the  System  Modeling  tab  and  then  click  the  Start  MemSys  button  to  activate  the  Saber 
interface.  The  MemSys  Sketch  window  will  open  (see  Figure  3-3). 

4.  Click  the  red  Show/Hide  SaberGuide  icon  (icon  19  from  the  left),  to  show  the  SaberGuide 
buttons. 
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Figure  3-3  MemSys  Sketch  Window 
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5.  Open  the  Parts  Gallery  window  (see  Figure  3-4). 


Figure  3-4  Parts  Gallery  Window 


6.  In  the  Parts  Gallery  window  navigate  to  Coventor  Parts  Library/Parametric 
Libraries/Fluidics/Intemal  Flow  Elements. 

7.  Select  Straight  Channel  (i.e.  the  target  protein  channel)  and  click  Place.  You  may  need  to  move 
the  Parts  Gallery  window  away  from  MemSys  Sketch  window  to  see  the  part.  Rotate  the  channel 
vertically  using  Schematic  >  Rotate  >  270.  Note  that  the  flow  direction  is  defined  as  positive  from 
port  PI  to  port  P2. 

8.  Place  another  Straight  Channel  (i.e.  the  protease  inhibitor  channel).  Drag  (using  the  left  mouse 
button)  the  channel  perpendicularly  below  and  to  the  left  of  the  first  channel.  Make  sure  that  the 
two  channels  are  connected  (the  small  connecting  box  disappears). 

9.  Place  and  rotate  a  third  Straight  Channel  vertically  below  the  first  channel. 

10.  Place  a  fourth  Straight  Channel  (i.e.  the  protease  channel)  perpendicularly  below  and  to  the  left  of 
the  third  channel. 

11.  Select  Zoom  to  Fit  (icon  10  in  the  second  row  of  buttons). 
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12.  Continue  to  place  the  remaining  fluid  elements  as  shown  in  the  diagram  in  Figure  3-5: 


•  1  Meander 

•  1  additional  straight  channel  (5  total) 

•  3  Reservoirs  (i.e.  hydraulic  ground) 

•  1  Pressure  Source,  Constant  Ideal  (located  in  Analogy  Parts  Library\Hydraulic\Hydraulic 

Sources;  alternatively  use  the  search  option  with  template  name  presdc). 

•  1  Coventor  symbol  (Saber  Include  File)  to  set  parameters  (located  in  Coventor  Parts 
Library/shared  parts). 

•  1  Ground  (located  in  the  Analogy  Parts  Library). 

Note:  You  can  connect  parts  with  a  line  by  simply  clicking  on  the  port  of  each  of  the  parts  to  be  connected. 


Figure  3-5  Fluid  Elements 

13.  Close  the  Parts  Gallery  window  and  save  your  work  as  design  1  .ai_sch  with  File  >  Save  As  > 
designl.  The  default  file  name  is  new_schl. 
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14.  Set  the  dimensions  for  each  element  by  double  clicking  on  one  of  the  elements  and  filling  in  the 
values  in  the  table  that  opens.  The  values  to  be  used  are  displayed  in  the  enlarged  MemSys 
Schematic  shown  in  Figure  3-6. 


Figure  3-6  MemSys  Schematic 
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15.  Change  the  ref  labels  for  the  straight  channels  connected  to  the  reservoirs  as  follows: 

•  Channel  1 :  Protein 

•  Channel  2:  Inhibitor 

•  Channel  4:  Protease 

•  Note  that  units  are  in  SI.  The  symbol  u  is  used  to  input  the  length  in  microns  (e.g.  2000u).  In  this 
example  a  negative  pressure  of  -50k  (-0.5  atm)  is  set  to  draw  fluid  from  each  reservoir. 

•  The  variable  names  etchdepth,  maskwidth,  mu  and  rho  will  be  defined  in  the  Coventor  symbol 
element. 

16.  Activate  the  display  of  both  the  name  and  value  on  the  schematic  by  clicking  on  the  black  buttons 
to  the  right  of  the  values.  The  button  works  in  three  modes;  no  display,  name  only,  name  and 
value. 

17.  Click  Apply,  OK.  Repeat  this  for  all  of  the  remaining  fluid  elements. 

18.  Double  click  on  the  Coventor  symbol.  Set  the  etch  depth  to  20u  by  entering  a  new  property  and 
new  value  at  the  bottom  of  the  table.  Click  Apply,  OK.  Set  mask_width  to  lOOu.  Note  that  by  not 
setting  values  for  mu  and  rho  the  default  properties  values  for  water  will  be  used. 

19.  Save  your  completed  schematic;  File  >  Save. 


Initial  Design  Evaluation 

20.  Click  on  Design  >  Netlist  (this  creates  a  text  input  file  with  the  extension  .sin).  View  the  transcript 
file  for  errors;  View  >  Show  Netlister  Transcript.  Click  on  Design  >  Simulate  to  start  Saber. 

21.  The  flow  rates  through  the  network  can  be  calculated  by  running  ‘DC  operating  point  analysis’, 
which  can  be  accessed  by  pulling  down  Analyses  >  Operating  Point  >  DC  Operating  Point  to 
open  up  the  Operating  Point  Analysis  window. 
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22.  Click  the  Input/Output  tab. 

23.  Click  the  Select  button  and  then  Browse  Design  to  select  the  results  of  interest  to  display 
(alternatively  choose  All  Signals,  to  display  all  results). 

24.  Double  click  on  the  fluid  element  name  to  display  the  variables  for  that  element.  Use  the  Ctrl  key 
to  select  multiple  results  output: 

25.  Select  flow  rate,  length,  pressure  drop,  and  residence  time  for  the  meander. 

26.  Select  flow_rate  and  pressure_drop  for  each  of  the  three  straight  channels  connected  to  the 
reservoirs. 

27.  Click  OK. 


28.  At  the  Display  After  Analysis  option,  click  the  Yes  button. 

29.  Click  OK  to  run  the  simulation. 

30.  Click  the  >cmd  icon  (top  right  of  MemSys  Sketch  window)  to  bring  up  the  SaberGuide  Transcript 
window. 

3 1 .  The  results  will  be  displayed  in  the  transcript  window.  (Only  the  previously  selected  parameters 
are  output). 
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32.  As  can  be  seen,  both  the  net  flow  rate  (30.5  pl/s)  and  the  residence  time  in  the  meander  (10.79  s) 
match  the  design  requirements.  If  further  modification  is  required,  the  number  of  turns  in  the 
meander  as  well  as  the  mask  width  may  be  changed. 

It  also  follows  that  the  ratio  in  flow  rate  between  the  target  protein  channel  (channel  1)  and  protease 
inhibitor  channel  (channel  2)  is  2:1,  as  desired  (a  direct  result  of  the  factor  2  ratio  in  length).  To  match  the 
flow  rate  of  the  protease  channel  (channel  4),  its  width  may  be  varied  until  it  equals  the  flow  rate  of  the 
protease  inhibitor  channel  (channel  2).  This  will  be  demonstrated  in  the  next  section. 


3.3:  Matching  the  Mix  Ratio  (Part  B) 

The  influence  of  the  width  of  channel  4  can  be  determined  by  a  ‘Vary’  analysis. 

1 .  Pull  down  the  Looping  commands  window:  Analyses  >  Parametric  >  Vary. 


38 


2.  In  the  Looping  commands  window  click  the  vary  button  and  double  click  channel  4  (use 
Select  >Browse  Design).  Select  the  parameter  width  and  click  OK. 

3.  Set  the  start  value,  end  value  and  increment  for  the  parameter  sweep  on  channel  width  (from 
20u  to  50u  by  2u). 


4.  Click  Accept. 


5.  In  the  Looping  commands  Window  pull  down  AddAnalysis  >  Within  Loops  >  DC 
Operating  Point. 


6.  Click  the  dcanalysis  button.  Under  the  Input/Output  tab  set  the  End  Point  Plot  File  name  to 
‘sweep’. 

7.  Verify  the  parameters  of  interest  (flow  rates  in  inlet  channels),  using  Select  >  Browse  Design 
as  done  in  the  previous  section 

8.  Click  Accept. 

9.  Pull  down  AddAnalysis  >  After  loop(s)  >  View  Plotfiles  in  Scope 

10.  Click  Plot  and  select  Replace  Plots  from  the  pull  down  list  under  Plot  Action.  Click  Accept. 
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1 1 .  Click  OK  to  run  the  simulation. 

View  the  Results 

12.  After  a  few  seconds  the  Memsys  graphics  window  (Figure  3-7),  and  two  windows  containing 
the  plot  file  (window  labeled  Signal  Manager),  and  the  flow  rate  results  (window  labeled 
designl. sweep)  will  open. 

13.  Resize  the  graphics  window  and  move  the  smaller  windows  to  the  side.  Then  select  one  of  the 
flow  rate  results  from  the  list,  and  click  Plot.  To  add  another  flow  rate  result  to  the  graph, 
select  another  result  from  the  list,  and  click  with  the  middle  mouse  inside  the  new  graph  area. 
If  needed,  the  graphics  window  can  be  cleared  with  the  Clear  icon  (icon  13  from  the  left). 

14.  Select  the  flow  rate  of  channel  4  from  the  legend  in  the  graphics  window,  and  click  the  At  X 
Measurement  icon  (icon  1 7  from  the  left) 

15.  If  not  done  automatically,  move  the  cursor  to  the  point  of  intersection.  At  this  point  the  flow 
rate  in  channel  4  equals  the  flow  rate  in  channel  2.  This  occurs  at  a  width  of  29.955  jam, 
which  is  the  required  mask  width  of  channel  4.  Note  that  the  flow  rate  of  channel  1  is  always 
twice  the  flow  rate  of  channel  2,  as  explained  earlier. 


40 


Figure  3-7  MemSys  Graphics  Window 


16.  In  the  Saber  Guide  Transcript  window  output  the  data  to  a  text  file  using  Results  >  Plotfile 
Report  >Input/Output.  Specify  an  Output  File  Name,  and  click  OK.  The  file  will  be  stored 
in  the  drug_screening\Schematics  directory.  Close  any  windows  that  open. 

17.  Close  the  two  small  results  windows  and  exit  from  the  MemSys  graphics  window. 


3.4:  Run  Simulation  with  New  Width  (Part  C) 

1 .  Go  back  to  the  MemSys  Sketch  module  and  set  the  width  of  channel  4  to  29.878  pm  by  double 
clicking  the  channel  4  symbol  and  typing  in  the  value. 

2.  Run  a  DC  operating  point  analysis  (refer  to  Part  A  for  details)  and  check  the  result,  see  Figure  3-8. 
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Figure  3-8  Results 

3.  The  flow  rate  of  channels  2  and  4  are  now  matched,  with  the  flow  rate  of  channel  1  being  twice  as 
large.  The  required  mix-ratio  is  achieved  while  matching  the  requirement  of  a  minimal  mask  width 
of  10  jam. 


3.5:  Sensitivity  to  Process  Variations  (Part  D) 

1 .  The  foundry  indicated  the  following  specifications  of  their  glass  wet  etching  process: 

Etch  depth  +/-10% 

Etch  uniformity  over  wafer  +/-  5%. 

2.  Set  up  a  ‘Vary’  analysis  (refer  to  Part  B  for  details)  with  the  parameters  in  the  following 
window.  Type  in  the  parameter  name  etch_depth  as  the  variable  will  not  be  available  from  the 
Select  option. 
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3.  Plot  the  resulting  flow  rates  in  one  graph  (Figure  3-9). 
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Figure  3-9  Flow  Rate  Graph 

4.  To  investigate  the  mix  ratio  as  a  function  of  overall  etch  depth,  the  signals  ‘flow  rate  channel 
4’  and  ‘flow  rate  channel  2’  should  be  divided  using  the  signal  calculator.  Click  on  the 
Calculator  icon  on  the  bottom  of  the  screen  (Figure  3-10). 
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Figure  3-10  Calculator 


5.  Select  flow  rate  (straight_channel.straight_channel4)  from  the  results  window  (window 
labeled  designl. sweep),  and  copy  the  signal  to  the  calculator  by  clicking  on  the  calculator 
screen  with  the  middle  mouse.  Repeat  this  for  channel  2. 

6.  Push  the  divide  (/  )  button  to  divide  both  signals. 

7.  Plot  the  result  by  clicking  the  Graph  X  button  at  the  top  left  of  the  calculator  (you  may  need 
to  expand  the  window),  see  Figure  3-11.  Clear  the  calculator  (clx),  and  repeat  this  process  to 
investigate  the  mix  ratio  between  channel  4  and  channel  1 . 


Figure  3-11  Results  Window 


These  graphs  reflect  the  influence  of  overall  etch  depth  on  the  mix  ratio.  The  influence  on  the  overall  flow 
rate  is  negligible. 
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8.  The  influence  of  5%  uniformity  can  be  investigated  by  varying  the  depth  of  a  channel  and 
plotting  the  mix  ratios.  To  do  so,  set  up  a  ‘Vary’  analysis  and  vary  the  width  of  the  selected 
channel  plus  and  minus  5%  (set  “d”  from  19u  to  21u  by  0.5u).  In  the  window  below  the  depth 
of  channel  4  is  varied: 


This  supports  the  conclusion  that  the  non-uniformity  of  etch  depth  has  a  larger  influence  on  the  mix  ratio 
than  the  tolerance  in  overall  etch  depth. 

3.6:  Conclusions 

Typical  design  issues  such  as  flow  rates  settings,  mixing  ratios,  and  sensitivity  analysis  can  readily  be 
solved  by  system  level  fluidic  modeling  rather  than  by  performing  lengthy  FEM  simulations.  A  large 
number  of  parameters  can  be  varied  and  the  effects  studied  within  seconds,  resulting  in  a  better 
understanding  of  the  system  behavior. 


45 


Section  4:  SwitchSim 


4.1:  Introduction 


Electrokinetic  microfluidic  microsystems  are  powerful  analytical  tools  for  many  applications,  such  as 
nucleic  acid  analysis,  enzyme  assays,  and  immunoassays.  These  systems  follow  a  typical  sequence:  sample 
injection,  mixing,  chemical  reaction  (modification),  separation,  and  detection.  Electrokinetic  change  is  used 
to  transport  the  specimen  through  the  channel.  Complicated  relationships  exist  between  the  micro  channel 
geometries  and  the  behavior  of  the  multi-component  fluids.  The  SwitchSim  module  is  designed  to  assist  the 
designer  in  choosing  optimal  system  settings  for  the  pinch  field  during  injection  and  for  the  switching  field 
in  a  switch  component. 

The  tutorials  in  this  chapter  illustrate  the  steps  necessary  to  analyze  a  sample  injection  and  switching 
model.  The  tutorials  contrast  the  results  with  and  without  the  introduction  of  electronically  induced 
constriction  of  the  horizontal  channel  at  the  area  of  intersection.  All  structures  are  built  within  the  Coventor 
software  environment  and  thus  do  not  require  any  external  files.  Although  the  model  is  simple,  such 
intersections  are  powerful  components  that  enable  one  to  separate  chemical  species. 

4.1.1:  Switching  Flow 


The  species  can  be  separated  by  switching  the  electrical  field  at  a  channel  intersection.  The  sequence  of  the 
switching  flow  is  shown  in  Figure  4-1  (this  figure  also  shows  the  voltage  setup  for  Tutorial  A).  The  left 
figure  shows  the  electrical  field  at  the  first  phase:  an  initial  Gaussian  distribution  enters  the  horizontal 
channel  from  the  left.  The  right  figure  shows  the  electrical  field  at  the  second  phase:  the  electric  field  is 
switched  in  order  to  drive  a  segment  of  species  into  the  transverse  (separation)  channel. 
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4.1.2:  Theory 

In  this  brief  section,  electrophoresis  and  electroosmosis  are  introduced  in  Figure  4-2  and  Figure  4-3. 


Migration  velocity  in  terms  nr  field: 

+  ^H3  - 

is  expressed  as. 

+-o  •  - 

•v  - 

Eledrapharesis.  Applied  Held  causes  ion  migration 

Wnh  positive-  mobility  mlgratkin  Is  toward  positive  dtclredt 

Wnh  ixsgaiive  moWny,  rwjaiton  is  toward  negative  electrode 

Figure  4-2  Electrophoresis 
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Figure  4-3  Electroosmosis 
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4.2:  Tutorial  A 


This  tutorial  simulates  injection  and  unpinched  switching,  using  a  simple  channel  cross.  The  species  input 
is  defined,  then  boundary  conditions  are  assigned  to  allow  channel  switching  and  controlled  species  flow. 
Table,  graph,  and  full  3-D  color  mapped  solutions  are  viewed,  and  a  variety  of  output  analysis  tools  are 
demonstrated  using  the  Visualizer.  The  channel  cross  is  shown  here: 


Figure  4-4  Channel  model 
4.2.1:  Initialization 

The  tutorial  starts  by  launching  the  software  and  creating  a  new  project. 


Sr^p  1 :  1  aiicidi  Ca\ *ntor Wj re  and  import  1  he  hicorla] 

User 

i.  Click  Uh;  desktop  Insi  (UNIX  UHrsHibw  lci  slait  the  program, 

ll.  In  1  In1  l*fciijn  r  wiraclinv  [li;i[  lyjinih,  Ki'lnl  rlir  fnrjiT/rt  Sitli/rki}  inm. 

C.  In  Mil1  in,i,v  v,  iiiil':i,,i,  lli;il  rfiipmrt,  M'lnl  .Vwtfr&'tfiiT. 
il.  { Ilick  mi  fljhnk 

e.  ■!  ilic  k  ( IK  In  Hi  cyil  Ihe-  <:  •: i r 1 1  i i  r 1 1 ; 1 1  ii  mi  Inu. 

1.  In  Mil'  |iKij<H  iliiildg  n 1 1 1 1 1 ii .  Ki'lnl  rlir  .VH-tfcMunHlirorliiry.  A  clrlmill  ..'."r.".  lilniiimi1  will  ;i|;i|ir;ii  in 
window. 

Click  ini  IkjhriL 
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4.2.2:  Material  Properties  Database 


Slep  Z ;  Verity  palli  and  file 

User 

Expluotidn 

SfJtCl  ib<-  I'lKiifiii y  Idh.  1. 1 u-. i u ■  lh.il  life1  Mjterlals,  IkJil  llat,  :i 
correct  path  Id  a  valid  .mpil  HU:. 

I  JlL'  fill-  | :-;i r 1 1  Mi  ni  udilJi'iif  IbCfiOUKJ  .El'ipd  file  sbiidil  appftkf 
by  di'LinJi  iik  Hh-  Aiftferfafi  field.  If  tiiMl,  rJif  Jc  the  folder  item 

illl'.l  [l.l1.  iUllh'  io  till-  l  III  IITl  .NI|aI  file. 

4.2.3:  Mesh  Generators 


Instead  of  using  the  Layout  Editor  and  solid  model  tool,  the  Mesh  Generator  tool  will  be  used  to  design, 
build,  and  mesh  the  device.  This  tool  has  built  in  capabilities  for  a  number  of  predefined  shapes.  The 
geometry  and  mesh  constraints  are  defined  after  a  general  shape  type  has  been  chosen  from  the  library.  The 
Layout  Editor  is  used  in  Tutorial  B. 

Since  the  shapes  are  predefined,  it  is  not  necessary  to  create  a  .cat  file  for  the  layout  design.  Also,  because 
this  tool  creates  devices  for  fluidic  design,  a  process  file  is  not  needed.  The  interior  is  assigned  the 
properties  of  water  as  a  default.  The  physical  properties  for  a  species  within  the  carrier  fluid  are  defined 
within  a  fluidic  module. 


Slep  Z ;  Verify  palli  and  file 

User 

ExpluaUdn 

Sfiecl  ibr:  f  'oiiffdfy  (ah.  l-tau*  iti.ii  die-  Materials  flriihaE  a 
correct  paLli  10  a  vdid  .mini  file. 

The  file  |kuli  anil  uiihecif  Hu-  rimei  t  .mpd  file  should  appear 
by  default  iik  iEh-  MaJefteis  field.  If  niri,  click  lIil-  folder  Lr-ort 
inul  ci.i1.  iL^iitn1  lo  dm  >.  . . .  .ui|.-.l  file. 
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Step  i ;  Selling  model  pwaneters 

Usw 

Explanation 

a.  Duly  ilie  fleLds  lfi&4fHl  bcLaw  m  desalbed  Ln  llio  <70oiikc-l[>' 

■  Larger  i:knn.ni  ElBMwfllrtdiifccJie  dene  necessary  iu 

Suiiiii^  lii'Ul. 

mil  tile ‘iiEilniLsIuiri.  1  Jill  it  mV  ftuilL  In  Less  bCChiZCy. 

Lengthl  Hill 

Conversely,  unaJLer  gIhiihiI  s lua  will  awle  a  1  iiu-i 

LengUiZ  2Zi\ 

Widih  Ml 

Etdi  'type  Hanar  2D 

1j.  Oc  k  on  ilio  \fafnini  lab  1 11  (lie  Mvsh  Settings  tlflii. 

< ,  the  dcnifnl  siz*  Ln  Cross  Sw  L 

4.  :-i t-1  lIic  tleeur  ill  -size  jJo-jlj;  flow  t 

c,  Element  lyjre  ricEaulls  mi  jraratoJAr.  [hb  musl  Iw  changed  Id 

Utuar. 

flush  and  Mill  also  increase  run  lime. 

L  ftim  Seitioffi  defaLdl  vhUiee  need  nol  be  changed 

■  By  iLl-Ij.hI  1.  llbf-  fill:  Iwiili^  CIMMid  W  ill  lit-  iiaikuHl 

&  Ock  Esecirte. 

sii1'  ('tUl/haJmM. 

h.  1  f IliJs-  riiuirihl  it  v?  run.  Hie  ciplfcan  In  averwrile  previous  mailte 

-  Srfonl  OK  io  owAvriU^  w  assign  a  mm  came  li*  rise 

VfHi  J|I|_HUI. 

file  before  proceeding. 

l^iHii  lmu/in  |iriK^scir  h|XTd,  hi 
.ih/fti'i  l.nillmi  rv  atfivnred. 


'rfl  miinnlrs  map  Inin-.fiirr  lirliwr  llw  iiimlrl  is  rmifilMr:!  anil  Ihr  IS'u 


StE-p-5:  View  Model 

User 

Explanation 

■TL  Wllfn  Mil-  MeslL  OulKfaliM  S  Clips  fijnflEnfr  SilecL  \-  wv, 

ModH  from  Ihr  botloin  of  llw  window 

ll.  StIitI  llw  NarpialiAr  \txin.  "j  J 

Normalize  zooms  totho  optimum  object  size  and  cerilen*  Ihw- 

islij^l  ill  llw  vEmwit.  ItDmrfrir  jjm'h  a  vii“w  |  nrrh|M'c-li  vm  in 

III!  IT  lllillll'trilWr. 

c.  Seiccl  Ifop  Isometric  view.  ^  | 
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Slqj  ti;  View  Mraii 

L’ser 

Hxpl3IIU.tiU[l 

a.  l.liiM:k  fferti  3lL  lljf  1 1 p 1 1 1 l* ■  Jrfl  li'.'Jil  Of  [  1 1 l*  Viiulli^r. 

ib.  ::i*:-]i'i  l  1  Ik  Front  View  kirn. 

C.  1.  'yng  iTir  nitrldli?-  mouse  tuition,  dirk  on  Ifir  Dtijetl  to 
display  Ihr  iiH'iJh. 

d.  3der!  Sr-nl*  iron  "V'j 

fi.  (Mick  in  Nip-  vu'Yi  ;imi  .-mil  ilnig  i irj i vi~ i te  1  ki  jiiiaii  in. 

lr  rlnL  nudi  ilillcr-,  sijJirillnirilly  Irani  li;M  slimui  IimUiw, 
nTnm  In  Slriji  S  unci  review  ynnr  wisrk. 
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4.2.4:  Changing  Patch  Names 

For  convenience  and  clarity,  four  of  the  default  patch  names  will  be  changed. 


Step  7 ;  Re-  N  aint  Paltlbrs 

User 

Explanation 

a-  ('lurk  FaUrtir*  Jn  Ifw  npiKf  left  lltJrl  of  the  Viamlizen 
h,  Using  i  Ih*  niHlJlc-Jiboii.iL1  biidoii.  rlirk  on  Ihn-  nisjerl  io 

I«1  the  iifp  patch.  By  default,  this  fmifh  isdesipaled 

]UtL'lj  0. 

c.  On  Ihe  left  ildc  of  Ihr  visual  izer.  click  tin  Hide  Selected 
Patch 

d.  Clkt  the  Icon  bo  change  to  she  [sonbclrtc  view. 

e.  Selcd  Etili  >  Edit  \fiiff-  inm  Ihi-  nii'mi  bar 

f.  Ily  defaull,  Itic  Scaling  ciplians-  nre  displayed.  Change  Ihc  7 

Sl  ail1  \  dine  10  M  anil  dir  Jc  Update. 

u  Clow  IN*  E  dit  MBII:  window. 

h.  To  renamf-a  palrlL  wind  It  vrilh  the  mdttdle  rnmiw  bullon. 
n.'jilai.  i.-  iN1  default  ijd.iiLc'  uh  i  1 1 1 1  In-  WiWfiame  ill  lliv  A 
field,  a i*l  dick  Updaie.  h'lhnin  iliese  sn:|fc  I'm  each  of  the 
lum  diartnel  end  palches. 

The  /  w  all1  wai  iiiLLL'ii sh^I  to  nuke  Ji  easier  lo  wleci  ihr 
|.uii  \y.r.i  oil  iL1  rharnk'L  ends.  The  oew  names  are  sefec led  lo 
coroes  pond  wltkdixJtwise  locations. 
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llii1  ik-Unll  fMli  h  nnn-ir-,  rli;il  ; 1 1 >1 1 1 ■  m i  in  rlnL  V'ivuli/i'i  sliijiikl  hi1  i-hun^'cl  i'll  llyiv,.,,lii:M,,ii  liri r.  >\s  lung  ;t% 
|]ii'  XV/.  4HT4!iiLilHif i  is  ;is  sliinuni,  llii1  HKU^nid  imnii^^  nwnn  r. 


StepB:  Saveinbif 

User 

Explanation 

a.  Select  from  Ihe  ilibiui  bar  la  preserve  your 

cbnrg.eE .. 

fa.  Select  /■  'iff.  > Quit  li M:  1  lW r  1 1 1|-  Vi M i ;i Li u r . 
c.  O'J:  Close  m  close  the  Mmk  Geer.ralors  v.  i:nlu\i  jimL 
mliini  ki  llir  l-iinclicin  Miiiiiign 

II  is  not  netessaix1  to  change  Hie  Z-scale  setting  to  Its 

□rJgjnnl  value.  Stale  adj i rilmenls  simply  modify  Ike 
preseiunllon,  nnd  do  aai  affed  The  .srthif  Hie. 
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4.2.5:  Solver  Setup 


Stop  !>;  Solver  Setup 

L’ser 

Explanation 

a-  Solrrl  llir  AiNtfjsfrlab. 
lb,  In  [lie  ^'a^fpoPf  select  MtemRuMes  tefwrs. 
c.  MkI  SwftfitSimim  Hid  solver 'type. 
h!  Set  the  MIHF  I  'llr  path  In  Ihr  SW_  rfarwanf  muftis  Jict 
cnaled. 

c.  Set  the  Solulhtn  Dlraclary  lo  m  Ito&u 
f.  Oc  k  on  Solver  Setup  to  open  the  Toot  window. 

The  model  type  \s  set  for  solver  use.  The  Analysis  lab 
u'liiii^^^hnuliJ  isniidi  chose  shown  below. 
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4.2.6:  Tool  Setup 


St4p  ill;  Set  Up Swil-chSiiu  Ttwl  Window 

User 

EnplaiuCnn 

a-  In  the  Tool  window  Hi;ir  opens,  srl  viil ues  as  shown  below, 
lb.  Spinel  Jittf  JTflJFSjtaar  under  Am^js^Ib  Ihe  daecMirro/ 
field. 

<C.  ?w4  Ddla_T  1o  05 
iJ,  Stop  Id  Jlf 

c.  Sel  Onlpul  Id  .  / 

L.  Compare  with  lin1  view  drown  lubw,  dic-ii  dick  OK. 

Ki  Click  Xesl  todlsplny  Ihn  SwttrhStm  I/Lj panel. 

TTie  aealysis.  is  iraraieiLi.  Tlte  default  sl*ui  link-  Is  i:-.ll  dJuL 
ce  suits  ■.’■  i  1 1  U>  mvimI  way  .1  seconds  uiiiLl  die  3  -1  sei-cnid 
[emdnaliciu.Thf:  window  is  sec  l-:n  iidiis|iuii  Lit  a  carrier  fltoi 
i  L  i  1 1 1 1  ■  .i  1 1  ;i  J1, i heuttse  cinrier  flUrtpcwkioiEnr-iCfesT  The 
luii^imi  iiiLily-.i:-.  allows  Hie  species  In  dib  2D  problem  m  be 

1  i>diib|iija  Inl  iIieuii^Ii  Llle  SV/Lli  Ijiilfj  d Lionet.  A  series  el"  .iIiIilI 
tiles  is  n'H'Jled  lu  jlieserve  OnL|iul  iumiLIs  iibliiLiled  lot  uhlIi  .1 
second  step. 

FIc  H:l|i 

i  a  i  ■  1  i  i  i  fc-: 

II 

Urilud 

.■ct.rHiiMd 

fmTrJr: 

^frHirrJr 

d 

Ft* 

IrTKIHFlTl 

JUhO.ndt 

TIfthSke 

To  trail or 

Trzrrftarls-: 

.Ttzrwlail 

-1 

Btl 

h^unc 

“ 5T 

iJdKMWE-M 

auafcKb 

. 

TMHam: 

HMjSlt 

5f-:cF:t 

— r 

MiiHKhn 

5  E-rl  k  1  Ll-r: 

FanToti 

- 

OhlH 

-  CwleM 

d 

- 1 

I — 

i:+:  i  jHimi 

|  nml  ■  | 
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4.2.7:  Setting  SwitchSim  Boundary  Conditions 


Within  SwitchSim,  you’ll  set  up  the  switching  boundary  conditions  for  the  cross  for  species  injection. 
“Species”  refers  to  the  specimen  which  is  suspended  in  water  within  the  horizontal  channel  and  is  sheared 
off  by  the  flow  of  the  transverse  channel  when  the  voltage  is  changed. 

In  this  exercise,  there  are  no  surface  or  volume  conditions  to  be  set. 


Su*]?  1 1 '  SrL  up  SwiEcliSiiiL  Muikl  window 

L'srr 

Explanation 

a-  In  IheSwHchSim  IICs  window  LJinl  *jpriiss  srlrct  Lho 

Specie*  bulKm. 

ib.  iifi  lIiu  /Jfflfcisftw  value  la  M 
t.  &N  the  MMity  value  lo  IS&Q&. 

(L  Click  on  OK 

MoJuiilm  Wci^IlL  mid  CGII JiJCtl VltV  aiPlIBl  faitias.  i-i r ii  1  <  dJi 
be  IfllLflmd.  ibi'  diffnsiuil  ,uml  il>:il.>ilil  v  M'Kmp:-,  mil-  iu|imi-il 
fof  accurate  iditiidfiiJiMi  of  Uii-  sjhKifis  Uans|nrL 

■*- 


5prcta 

1  Iftrr.1 

UihmLi  Wjunm 

IjllEH  Hll  Xinti 

IJI 

IkmI  -I 

llllLEimlLin'-I-'.'K; 

Ill'HHli  Kl»bl 

J 

■III 

3 

(OrriT-JTir-iMllf 

H 

1EMD  ] 

jFhM  tJ 

LHpJlCti+Wp'i-.'irY1 

(orr^-jra-aMl-sr 

-1 

].'] 

phrf  _r\ 
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Step  12 !  Set  Spedes  Surface  Bern  ntUry  Conditions 

User 

Explanation 

a,  ClLc  k  on  ipecL«SiirfBC-5 
h ,  Assign  a  Inml  value  ol'  ,^.fcr5prrlra  1  *1  finldi  V  9 

Ci  CHrtmOK 

TJicre  is  only  1  sppf  ii^  in  1 1 1 i simulation.  Paicfa  V  l)  h 
iiuiiijiJtTl  a  uih. '.iil]jriuil  -:if  .il:l  lu  &IJiiW  a  l  uilCiciiiuiih  inflow 
ul  hfJi'i  ius  friXIL  ll  Ml  Jia  Jliuil . 
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Explanation 


13;  Set  S|Wdrt;  Volume  BouodAiT  CoiiditLons 


I.VT 


a.  Ock  on  spiles  VbIBCs  LkUhm.  Enter  U in  folkiwlr\[{.Srt  L 

values. 

lb.  Sef  SfMvips  to  / 
c.  i>N  M-' J>jh>  lo  /fljWa/. 

<1  SaParttoFMf, 

c.  £*  i?l  taarflftfan  lo  Gaussian. 

L  Sc*  the  following  (iHussInn  values: 

Origin  X  225 
X  il  ^5 
in  5_l|  mil  X  ^5 
A 1 1 1  |j  I  £  I  lk  I  l*  .25 

g.  CJlrik  OK  IiucIdm  die  IJdk  Gaussian  il  Irikig  lion. 

h.  ClLdk  OK  lit  close  die  spedesIbFBCs  window. 


Tin-  prtt-isiitti  of  ill?  yoIiiiiig  humbly  conditions  defines  llw 
Li  i  i.  i  L±  I  locallon  of  die  species  ftiiliin  Nn-  lIumijc-I. 

A  lliil  liif i  UiiLivhiiiri  -ill'll  i  il.'iil  iun  ilii  a  mlln  jlOinl  ill  Jk  lh!dfi 
Niiciuih  mi  ill  u.Sigjil;i  of  ZS  fnicmflS  iSSfM'rifiiHl  iu  ix  dfir  DQ 
provide  jii  iitiURUy  smooth  spKieswitn^ntrjIkm  |irotlle. 
This  Is  fieri  only  a  moo?  realistic  iniii.il  coikHIloii  iban  a  step 
flinched  change  lo  species  coficciuralim,  il  also  rUows  foe  a 
i  ji  1 1 1 1 1  ■  i  i  •:  .i.  1 1  v  more  acciuarie  result. 
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Step  14:  Set  Phase  parameters 

User 

Explaiiiuton 

a,  So] Ml  /tare  fiortri  the  SwitrhSlnn  ]3Cs  -r-unlncil  pane], 

1).  Sd  the  time  vmIiio  for  Flw  ]  tu  0,7  ^7  flOHMOF-  0 1 ), 
t.  Sd  thf  same  For  l:,liait_2. 

d.  Clic  k  OK  titdDM  the-  JtaredlaUiE  1ms. 

TTie  pJiasfcsaff  periods  of  time  dining  wJiLdi  sjhk'ified 
™ilfi((eco«lillcMB  prevail. 

Slop  15;  Set  Switch  Boundary  Conditions 

User 

Expldddittoii 

a_  SoJm  i  SwitdiBCi  li  mil  ilk-  S^iictiSlm  IlCs  ooiicrI  panel. 

b,  Sot  tli(<  first  four  pirns  as  IIIimIc-uhI  IreLaw. 

c.  l-.ilii  Ibr-  Pliase  wliHges  acctirdiiifl  lo  [hunt  setlsrifli. 

Pjii  rh  Ptiiwl  Vhwrl 

h n i  i  v  la  a  i:- 

Ports  V_3  1H  1R 

Port  3  Vfi  <1  IS 

ft  ill  1  V9  <1  IS 

'l.Ji>.  k  OK  io  dose  oficIi  i’iiii  PimMi  \bitefft}  ilialuji  Li  sot  ,il  il-i 
mining  lln-  nirrHH:!  v;ilin,.v 

c,  Or  k  OK  cii  dose  the-  SuLlchllO  dialup  boa. 

f.  Or  k  Sknimi.il?. 

g.  Wlirti  prompted  lo  save  si-iciu^.  sw-lect  Yh. 

rin-  [Lili  hrv ill  rln-  mils  i:f  innii  dmmirL  iiri-  puls  irii-d  lei 
nnilrtil  vnlM^i'-diiiiigi's^liiririj.i  [lir-SEiiinilalHin.  Ilii-  pln-iHi! 
Ialik-M-C\  lln-  v-nlrji]iiL  vmIui-s  Iks  1  will  1 1  *  1 1  i ~ 1 1 ■  : s. ■  ■  1 1 

|ili;iv  ISniiin  iil-mvi-  1,  m;is\  ini  Hvi-.i-s  ;t\  sp^  ii-s  i-nti-is  tli<- 
svslmi  fnnn  lln-  lrll  1 1 1 :> r  1  {V  fd] .  Al  iiinr- 11.7  >!pli;iv  2]  iIh- 
nuts.’,  Iirjiiiih  h  i  ik^nunj-  ns  \|in  w?r,  li-nvrs  1  hr  sysli-fii 
!S li 1 1 1 1 1  ri  1  i •: i n  liirn-v  v:n  -f  ^li^H-niSiriL!,  >:iii  jiriK-i-.wii  s|iml,  hnT 
will  [nkc-al  li-n\J  :1  iniiinrta. 
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4.2.8:  Simulation  Results 


Sil^j  lti;  Virw  itif  SwiCthSlm  lab  It  remits 

Lsrr 

Enplsiitatiuii 

a-  hi  rlic  SimuJflliun  Knolls  window  dint  opens.  click  on 

splateiralTaMe. 

b,  CILcl  on  CtcwilliT  viewing,  res  id  Is. 
i.  Ock  on  sjiinlfEiraJGrajtli 

A,  CILdk  cm  Clow  alicr  viewing  ntsu lls, 

I'Jie  windows  show  die-  rcsulla  or  b  conservation  of  ariasa  of 
llir  ;i'Jil5lii*kil  ii-s.  hilii  a  Luli  idaliiMi  ateacklElIttSlep 

l.|m'l  i  1  iriL  in  |J||-  SwItcliSiio  Tool  window.  As  ibe  species 
oioves  froaii  Mi  io  ik;lu  in  Hie  channel,  some  of  die  mass  of 

Lin-  inJililiiiri.il  \\X\  ii'^H'hils  ih  i  ihmiI  li]ifJ,  leu  (lie  uIjcuhVuI 
maid.  HIlijj,:-.  of  ^peclas  Jeave  tba  model  becausa  lliey  ue 
eleclrokinelicaLLy  driven  out:  diffusion  is  jEspoiisibla 
fat  only  a  small  portion  of  Ike  mass  tb.it  leaves  tbp 
model. 
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J  Jim  vaJli*  Of  die  nuisS  i  i.'ciiiiinLii^  in  lln;  i  Ii,umm.  K  iIilv  VjiY  fiuilJ  IIk1  ilupk  IimI  [nidi1  VUilliM  beJow .  i ■  *Ffn h : i :i  1 1 V 

In1  die  will  nf  die  hiiuiiblLtiri.  Key  dual  . . . u^jiuiisiblefor  the  differ™-*:.  These  ertots 

ik'pnld  | .□  i i j i ; 1 1  i  I V  nn  I  hr  l  ljhH|IuIl-i  uwd  ;hj<|  :,llunJil  In-  witlliil  h%  aei^iimCimI 


Stejs  17 :  View  tlie  List  of  Tune  Step  Files 

User 

Explanation 

a-  Clk*  cm  HkAnay 

h,  Observe  ifrr  names  and  file pndis of  fhe  IS  mblf  lllra 
itpl-hu'iI  during  1  he  si  iihilalhin. 

C,  CILdc  cm  Close 

Tin1  window  lists  die  mhll  ll]i>v  reliil  iilmE  ilurlnu.  Ilic- 
tHkiil-rikin.  Because  they  were  saved,  dwy  can  be  viewed 
wkh  ike  VIsuHliHr 
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Sicp  1#;  Stall  Iht  Vbualixrr 

Lsrr 

EatplAuaikm 

a.  I  'rom  the  VLsisa ll/ff  CaiMnri  Fhim-I  menu  bar  wfcudnhw.  rile! 

OIL  bliiLC  VmuiiZfr. 

lb.  C!Jlc!k  on  Visualize  Us4 

c.  VI  till'  [ueufUJc  View  arletiladon  ami  Normalize  the 

vlew. 

4.  Click  the  E  Icon  {fofume  VIsiSBlizatiofft  on  !t»  VIsHHUxer 
lixiliiar. 

The  VisuilLftfu  can  display  all  the  nJtiir  HLc  results,. 

64 


19:  Sec  up  1  lie  Vfeuattur  for  Mass  Portion  results 

User 

Explanation 

a.  From  the  VfauallMr  mi'mi  bar.  iderl  Jiftf  >  jSjAV  jWD//? 

b.  Select  tfw  Actfraf Mi  chrck  bo*. 

t.  Uncheck  Ibr  .l/ises  nrnl  jffl^p/arenrstf  Volunrf1  Eldds. 
il.  Check  Ibo  AtoEftacrim  /  Held. 

e.  Updnic  juuI  C] wr  i  hr  window 

f.  Ock  the  Front  Wp»  \yx\  bill  too  on  the  Vlfeuallaer  t  ool  bar. 

g.  Uw  Ihf  »  button  Hi  the  IhMIoiii  eo  advinrn  i  hraiftli  Ibe 

SOllMki  II  Stops  lu  tf  CitAttilflf  tfm?  IM.{.  with  l  In- 

vi ew  diuViit  Iii.'JihV,. 

h.  Chock  the-  Rm  option  to  rihunc  the  him  iiijIimB  skimiblkhn. 

The  control  wSUnfli  onatli?  viewing  ibr;  movement  of  itn- 
t|HiCEto. 
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Stei>  2G:  Set  up  l  lie  Vlsuattzer  for  inf emal  like  i>l^iie  results 

User 

Exptaitttton 

hT,  Clbcl  on  Isometric  View  room  i  In1  VtsMllanr  loollHrand 
idjuSJ  for  1 1 1 .1  Uc i i Jj r .1 1 J i ^ i - 

b.  l-iom  the  VUsualim  Mi  panel,  dick  on  lntontaf  Slice. 
i.  Cfwck  Ihu  1  file  Offset  slider  h  sec  lo  i1  and  lIihI  ihi-  Scale 
slider  is  v.<.  m  ii.  I. 

4.  Along  the  menn  Imr.  select  Edit  >  f-dM  check 

scaEiig. 

t,  -Sol  the  7  Scale  lo  SO. 

f.  Update  amt  CJese  i  he  I  .iIjI  M  111 F  window. 

&  Along  die  loji  oPlIn1  Vlsuall/er  main  wind™,  dirk  m  Ihir 
View  icon  h>  1'ilii  il*-  view, 
h.  Vnrift®  lIihl  Ihe  Transpamicy  tlldnr  is  scl  al  !.&. 

1  Close  Ike  General  l  !±Lar  window, 
p.  AiLvamn:-  ihrupjiji  Ihr-  scUitfon  isleps  manually.  nr  rlmck  Ihn 
fldu?box  fin  dilululbciii. 

J'Jii-  sliri1  view  allows  display  <if  du  Mass  Fraction 
oiajpiHude  m  iJm-  ceoler  of  die  diarmeLltie  pli^  move* 
down  diedmiuieL.  Vqlicul  observe  Ibe  dfecls  id  dilTosJiMi 
vv  iUi  Him?.  A  selected  eve«l  lime-  k  shown  In-low. 
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4.2.9:  Animated  Files 


MPEG  files  are  a  convenient  way  to  save  or  transport  graphical  representations  of  simulation  results.  MPEG  files  can 
be  created  through  the  Visualizer.  These  files  can  be  played  on  standard  Windows  media  players. 


Sit1]?  21;  Ttt  Capture  Eire  Scijireiicr  as  im  MPEG  AiiLrmHiQii 


Lscr 


ExgtalLLLLMU 


a-  I  ’rom  ihr  1 1 in  bar.  sdm  V?r»>  ffinv  Edflois^VSm  Ww 
to  open  die  View  Editor.  Q|Khi  Lhe  Pdadiiiioii  drop  iluvici 
menu  *nd  uteri  any  of  die  lour  numerteal  options, 
diijkfiiliii^  on  Ilu?  scrtun  size  desired  far  pdayback-  Cltue 
lliendilar. 

h,  Sol  the  Vbuillwj  llmr  Hep  In  Ibr-  lower  rlfdil  earner  lo  SW 

CftMtiWii  Jrxtlr-  HILl 

t.  I ''rum  the  menu  Imr,  select  ibois>imfi/^  Captu/E. 
d.  In  Lhe  Inufte  C-Rplimro  wsndmv  (shown  Lwtow),  check 

ReCflfff. 

c.  Use  Ihr-  nmliuls  Ht  lhe  l>:u  loin  id  lhe-  Vhnall^er  v,  |  mlaut  lo 
through  die  anpidfcv^d  itHBtfefi. 
f.  When  all  Images  In  (lie  sequence  Iihw  Isecn  v|cw*<lr 
uncheck  fliVdfrf 
u  Sold  i  Rewind, 
h.  Oiurk  lhe  CoatiaKasQ[A\an. 

L  Sold  i  Run. 

j.  G let  dm  die  Icon  to  (be  rl^lit  isf  Ihr  File  flefel  lo  tipc-n  (lie 
fift'iJrutHf;  iliahig  IkiIL  Provide  ;i  cwilir  fi*  I  be  MPEG 
animation  and  dick  QKlodou  diebiwt.  Observe  diepalh 
jiiiI  Rif  name  In  ihi-  Luupi-  L / ^ 1 1 1 1 1 1  u  didiitf  bnw. 

It.  tUlc k  Save  MPEG  file  do  finale  the  file  ami  Close  Inclose 
like  dia  I  oft  box. 


Before  (Tiling  (he  aiiLmsition.  it  is  necessary  to 
change  die  resolution  selling.  By  default.  Uw 
Visualize!  resolnfion  is  set  lo  Rdf  Went  This  nnisi  Ire 
set  to  a  iLioerlcaJ  vahre  fiat  tan  be  Interpreted  by  lhe 
rniediu  player. 

I  In-  ser lh  ol  .uikif  files  appears  larnpcii m  Lly  in  die  Aj# 
directory,  buLisauloioilicalt>  deleted  when  die  MPEG  file  Is 
compiled. 

WJil-ii  ihi!  umber  nf  old  bigs  nceedi  4,  Lhe  sy^imi  will 
prompt  for  I  Jin  deletion  of  old  lo^s  at  siari  up.  Remember  lo 
move  or  copy  IlieoDoipJeLed  Mj'Jiti  before  deLfiui^ikl  Jug*. 
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4.2.10:  Column  Integral  Results 


Step  ZZ ;  Set  up  li>r  tuLuum  inCogral  rcsidt  s 

User 

Ejtplamtkm 

a-  ClLct  nii  ihc  O  Icon  (%YV,■■]AfrTC!,  ikmlimfiM  lo  llir  for 
ajpyiii  nf  ilie  VlMinSiEr  wiwlow. 
b.  In  [Ik1  rarulrii]  panel  itai  opens  m  Itic  L-pI'I.  l  in  k  Ilk-  Bdll 
tulluii  in  ilii!  uppfj  ritflit  comer, 
t.  In  the  window  llu  1  o|Jons-  check  rtfAyuwja  /I'tfrtfr.tf.  dicra 
CLos*  1 1  j i ■  wandow. 

1  hi:-,  l^imiijui!  kuusd  loanable  tbespDcdeicoitenlfalloiLai 
a  speciEtfcpaioi  in  ilk*  channel. 

Tin1  Tlx- hn  in  ilcs  wbulcnv  LiiL-d  piunl  anL  shown  Jtcnc: 
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Step  23:  Stt  tip  for  column  integf  ol  mnlts 

User 

Explanation 

iii  Along  the  lisp  winding  clickm  Uh<  Front  Vkw  (yi}  Icon. 

b.  In  die  nii'iiiu  display,  dirk  v*iih  Ihr  middle  monsr  kilom  im 

iIL'.-s  iiLh'  iHuiJilii;. 

c  Along  die  Iihfj  wiiKlim  dirk  urt  lin-  Scale  i ooa. 

d.  Click  mi  the- oil*1  lniiirnkiry;  miner-  il  lei  In*  ;il:cnil  2V>l- 
larger  Hum  die  channel  with 

c.  Along  the  (up  window.  click™  liii>  Translat* 

hMU. 

f.  ('lick  on  (ho cube  iKnmilary  hixI  move  il  along  llic  channel, 
e  In  die  h  wit  rlgfu  comer  of  die  iim  In  window,  soled 
iW“  Chaune!  time  (JB4. 

h.  Along  Hip  lop  window  dirk  (rack  anil  Tori  h  >:>n  ihc  E  mid  O 
hm.  CfMLillue  uiiliL  V'JN  <un  pik-.iliulk  iIh-  i  i i ti i ■  Im  wll«fr 
lILDM  of  llll-  S|ll'l  LlTn  Pi  Ii.K  J.IhL. 

L  Mach  (Lino  yon  dig#1  Imc  k  la  0  iiichIo.  inhiflLi-  rnmiso  c  lick 
oil  ibr;  nitir  to  soled  El. 

j.  In  Ihe  li.Tr  panel.  iiwve  (ho  Nsc.  Ny  and  N/  si  Idem  Id  a  value 
of  AE 

k.  Ni-hl  hi  (ho  I’lle  fie  III .  l  in  k  on  Ibe  ..  Icon  and  sol  die  filo 
name  n>  i  tstruifl.XiV. 

l.  Cillclc  on  Extras!  Now. 

■  JJir  column  inLrui  iiLiun  (echnlqii*  allows  yiw  im  uiiukiti' 

Iim  measureirmni  of  s|iecifs  ooiLoefilmdon.  The  eulracl  Lon 

process . Ies  ddiii  iim  pngemis  a  surface  plui  over  itn- 

clLifnu.il.  The  iirienslly  of  iln-  plot  shows  Ibe  species 
cofMio  Ural  ion  in  that  IdchUlmi. 

■  J lie  N\.  Ny.anil  M/  sliders  lepff^etH  Lhe  IHJinlHf  oMiOKCi 
in  the  larjpi  bounding  cube,  across  which  die  5 1 1 l i -  l; i  : i l i ■  i i 
and  esfltacdiMi  anno  be  performed. 

■  IIh!  values  uliriicH'il  depend  tw  ilie  size  anil  IcmaliOa  nf 
i Jim  cliIm.  I'ifi.mi1  J  -1  :i  shows  sample  resells. 
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Figure  4-5:  Sample  of  File  Results 
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Step  24 :  5*[  up  for  potential  results 

User 

EKpUuartlon 

a.  Along  the  menu  Imr.  select  i\iit  >  f-dk  SfflH: 
lj,  (lunge  the  [  'pp  it  PerrefUn^  (Mlsrl  Hy  100, 
t,  Ock  on  Update 

ti.  Oi  k  on  Active  I-k'Ms. 

e,  SctoI]  down  and  cnihlr  Fetcntial  /flsalilr  my  other  active 
fiulck 

f.  Update  -anil  Ooae  the  Edit  M  III  1'  window. 

g-  Along  the  (op  ol'  Uic  mnhi  window,  dirk  tin  the  E  (  Wvfjw 
Ihir.tJtJ.tlH/ff)  icon. 

k  Icom  the  VlHualim  If  Hi  panel,  dick  hi  Surface  IfrJfw™;. 
i ,  Seled  (he  Hub died  hra  la  aidwnadcBlLy  advance  through 
(lie  sol  Lilian  steps, 
p.  When  flnhtird  Slop  VlsnaJLier. 

k.  aide  on  Done  lo  dose  (lie  hlrranrhlral  iranils  window. 

Notice  eIihi  only  the  ilf  CJ&utKi  jtjlUi-  d 

.Ylt  l  Va-jt/jui-V  Hkk'  imjirAWsliow  non  nero  |ulHilial 
iLibii  i  ImlIluij.  Ill  ti  is  on  iiutnilciiifll  space  saving  taduHqne, 
where  only  du-  first  nihil  suited  after  switdiEng  retains  Uie 

iK-W  piiteiltiiil  i L i 1 1  i  1 1 1 l  1  i •. 1 1 l . 
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Special  note  about  thy  sLuraiie  oi  steady  state  results 

Swill  hSirn  1 1 : 1 1 1 :-. i •: n 1 1  ■JiriiiLilinri  vilulimi  lili^  slim1  ^Trjiilv  vl;il<'  ir.wilrv  (mkIi  :is  -r^lixnly  i^tv.iim',  volliigr, : i r k I 
rnnnnni  drnsltjrt  in  cm  ly  Ik-  llryl  Iranslcnl  mljH'tllra&cr  swttdilnfi,  All  folds  Uml  chnr^r  with  time  {such  as  mass 
Irni'lHmsJ  ire  ’-isil**  hi  nil  uiliil  111ns 


At  ui  additional  exercise.  :hc  user  can  pinch  rhe  flow  by  changing  She  swftchBCs  lo: 


Fort 

V  12 

FI  wise  1 

<S 

PlllEB  2 

0 

(unpln-rhed  Phase  L  value  is  9] 

V  3 

13 

13 

(same  values  as  nikpLnohed  sijLiulnljonj 

V  G 

0 

13 

(unpui-rhed  Phase  L  value  is  9) 

v  a 

0 

13 

(same  values  as  uikpLnched  simulation) 

and  Ihen  rerunning  Ihe  problem.  These  values  are  used  in  Tuiarlal  B. 

Lf  lets  thnn  25-B  Mb  of  RAM  are  aval  La  hie,  charge  the  Tool  parunelers  so  that  Ihe  post  analysis  Oiitpul  tdLl  window 
is  set  tor  0.5  instead  of  0.2. 
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4.3:  Tutorial  B 


The  templates  in  the  shape  library  offer  convenience  at  the  expense  of  flexibility.  In  the  tutorial  just 
completed,  linear  variation  of  the  model  is  possible,  but  curved,  tapered,  flared,  or  angled  channels  cannot 
be  created.  If  a  more  complex  channel  configurations  is  desired,  it  must  be  built  using  the  Layout  Editor. 

In  this  tutorial,  the  T-shaped  separator  will  be  created  and  the  capability  of  constructing  channels  with 
virtually  any  desired  geometry  will  be  explored.  The  resulting  model  will  be  meshed  and  the  horizontal 
channel  will  be  electronically  constricted  by  changing  the  switchBC  values.  Finally,  the  simulation  results 
will  be  compared  with  those  obtained  in  the  previous  exercise. 


Step  1;  Ummcli  Covahu^H 

Usw 

a.  Surl  (.'(ivfiildrW^iN-  If  k  hi  hk  running. 

h.  ill'll  SwtahSJm  .nrnl  writer  cnMsritsjpi.jn^is  at  lh#  iihiiip  cif  clip  Sed  iitg  ft  Ip. 

4.3.1:  Review  Foundry  Process  File 


Typically,  a  foundry  has  a  process  file  which  is  included  with  its  Design  Kit.  This  file  defines  the 
chronology  of  deposit  and  etch  steps  used  in  the  fabrication  process.  The  names  of  the  layers  used  when 
building  the  model  must  be  the  same  as  the  mask  names  given  in  the  process  file. 


Slcp  l ;  Obtain  ni-ii  vk  iiuiinrv  (rum  prMtti  flic 

User 

EKplAdattm 

a-  SpIkI  Use  /found?  tab-. 

lb.  mi  dip  swttclKJu&jHvc pnrcess  fill1. 

t.  Sun  dip  PracH&FdJLar 

Qbsavp  llipfiucik  nama  umt  la  i  J  i  i puiLcw.  TIwap  tmiMi. 
will  bsveto  becrsalL'd  iu  Uir  ]  jyei :  hpowsw. 

Notice  the  polarity  of  the  first  etch.  The  shape  etched  into  the  first  deposited  layer  is  defined  by  this  mask, 
and  will  be  a  cavity  with  a  depth  of  1  micron.  Positive  polarity  would  result  in  the  removal  of  all  of  Layer  1 
except  the  portion  covered  by  the  mask. 

Layer2  encloses  the  channel  and  is  not  etched. 
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4.3.2:  Create  Necessary  Layers  (Masks) 


Slep  3 

Open  LIlc  Layer  Ijnwr 

User 

a.  CLwcIlw  Process-  KdlLon 

1j.  Se] LH'  1  the  1  avmjl  mb. 

sP 

c.  Click  the  Start  S.Hy&ut  liditof  In  hi. 

<L  CUclc  the  Layer  6mwr  Icon 

In  (hit  exercise.  the  Layout  Ldilar  starts  with  just  a  default  layer. 


Step-1:  Create  new  laveis 

1  "wr 

Explanation 

a.  Sriiii:!  ijtvt'rs- 

li.  (!mih!  ;i  vMliiu  Iikvit  riairml  n  ■tfi’VJUi.uJt.  [  Ilirk  A|i|ily. 
h\  Crr;ilr  ;i  grisrii  Ihjtct  iiiininl  fr Nfl  C]ii:lc  Apply, 
d.  CrPYili1  ;i  i  y;iii  lnycr  lurnnl  mier  C  Ilirk  A 1 1 1 1 lv - 

The  parlinilFir  rolt m  nrr  flirt  irrrssary  lor  an-mniratr 
sJcnidHtlMi,  lin  i  HD2  given  so  results  are  4  hually  ccmrihlfiil 
with  those  sfwvm  in  thds  lulorlal. 
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4.3.3:  Construct  2-D  Channel  Layout 


Step  5 :  Change  Active  Layer 

User 

Explanation 

1-  ('lick  Clwc  after  the  thirrl  layer  Is  crr^Led 
h,  Med  I'ifr  >  Cfese  to  dew  (he  layer  hrawwr 

C.  G|wo  Current  foyer  drcrp  down  menu  to  ciljstrvc-  new 
layoffs. 

d,  Med  Ihw-  watennask  Layrr. 

If  the  iiyaks  [layers}  liki  fhh  Hpjhjur  as  slitywn  here,  relum  to 
Sslef  2  and  review. 

Step  G;  Begin  coostruetifta 

User 

Explanation 

a-  Merl  Uh  tfrcrai^/Hctiri  Irani  lire -vertical  toaHar. 
h.  In  Ihc  rimiFiianil  1  lnc=  cntTr  Ihr  romdiiate  poiNs  225  £J» 
shown. 

RDdanglni  are  defined  by  the  cooidljiates  of  1  heir  tipiiotiic 
□>niL'rt.  FbfnUran  bu  eolGred  eUhet  by  idousc  clicks  w  by 
onlmlng  Ihc  cwrdlnailGS. 

Step  7 ;  Compiele  rcclurifijc-b-  mud  adjud  view 

User 

EKplUHUdd 

a.  l-irii'r the eoiwdlnales ^5  ^ln the- Command llrre ar 

|irmii]ilLHl  l>:i  [Tiinpli'k1-  Ihc*  lirsl 

b.  IkiiliL  a  see-olid  rectangle  in  llw  same-  way,  uUii£  the  fiiriiLK 

(  2522$  Mu!  22 5y 

Si'l^-liii|>  Ii:.mil  ;iJ'ili  ;iir.i,s  Ihe  view  In  yiyini  imr  and  rmlrr 

C.  Men  ilir  Wrirafl  E2  irim, 

o 


If  m  object  Ls  Inadvertently  pitted  on  Ml-?  wrong  layer.  of  a  point  CMflUnaite  is  tococroct.  select  A/orWv 
■-  CtyftVfrotn  the  iiL-enn  biur -ond  i lien  seka  the  misplaced  object.  ]n  Hie dialog  bo  a  that  opens. mike 
[lie  diesLred  ootfeetlons  niitl  tlien  clkfe  Apply. 
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If  angled,  tapered  or  otherwise  non-orthogonal  changes  to  the  channels  are  desired,  those  changes  are  most 
easily  made  at  this  point. 
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Step  ft;  Domutfatc  edge  movtiitit 

User 

Explanation 

ii.  All Mgte input. 

Hie  All  Atigk  itipm  Icon  is  above  (bn  ftetisu^e  Lraii,  end 

1).  I'iom  the-  menu  bar,  orient  Modify  >  mow 

cdfeis  hhu  upijixn  from  iis  drop  dawn  menu. 

c.  Soled  Ifw  horizontal  reclHnglo. 

4.  Soled  Ihr  loft  esjge.  Maw.  Ihe  edge  r^ghl  or  lofl.  Ihen  c  lie  k 

TbEs  deioMslralton  Li  indudul  to  show  n  kksI  cafialiiliiv.  If 

to  re  lliii  I>.m  (heedtfeal  a  new  bcalion. 

more  iImii  anoduii^ge  is  iihwlo.  nuke  sure  each  change  Li 

c.  □  let  the  Lhidt}  Icon  to  rrsertre!  Ih*  original  dimensions. 

undone. 

Slop  UniionsIrLUo  pui.nl  inovomnrt 

User 

Explanation 

jl.  Ftoam  the  menu  bar,  select  Modify  move1  paint. 

b.  Soled  Ihr  vertical  rectangle. 

c.  Sc-ln  l  Ifw  upper  right  vertex. 

4.  Mow  (be  polnl  a  nd  nhsavc  the  changes,  Olfcrk  to  anchor 
(Ik1  |iuim. 

e.  a  lit  the  Uatfo  Icon  to  rotate  (ho  ortgl  mil  dimensions. 

ScLkI  die  drop  down  aiene  oil  1  be  Utkio  toolbar  iron,  and 
riLiiur'  .-ill  clanges  have  been  undone,  or  delete  knh 
reclanftJesaiid  ru|soai  Steps  6  .mil  7. 

The  procedure  for  creating  curved  surfaces  is  more  complex  and  is  beyond  the  scope  of  this  tutorial.  The 
mesh  used  in  this  tutorial  will  not  work  with  curved  surfaces. 


Slop  10;  ComfoLnt  rectangles  to  create  a  polygon 

User 

EJtfiUmtkm 

tL  Soled  Modify  >  Bmleair  >  &rfra\r\  the  monn  bar. 

b.  Soled  Ihe  nrlangles  In  any  under. 

c,  Observe  Iho  change  when  the  second  rorlar^r  Is  select«l. 

Since  brnli  rocton^los  reside  mi  the  same  layer,  die  onLorof 
selection  will  nod  affect  Ibe  result. 

The  Layout  Editor  recognizes  the  resulting  shape  as  a  polygon.  There  are  several  ways  to  create  the  cross. 
This  way  was  selected  because  it  is  straightforward  and  because  it  demonstrates  the  Boolean  functionality. 
Another  option  is  to  select  the  Polygon  icon  and  either  point  and  click  on  vertices  on  the  canvas,  or 
sequentially  enter  the  vertices  in  the  Command  Line. 
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Step  11:  Save  cell  library 

User 

Explanation 

■i.  MhI  CeJCi1  >  sarefrom  the  hktiii  liar  ami  name  Ihe  cril 

iTOii. 

h.  Selncl  Fife  >  javr-  and  nanv  Hh-  Library 
t.  Brian  lci  (he  FliHlIofl  Onager  and  ctzaw  Ihe  new  [Mill 
ami  nif:  iLuiu?  in  ll *  /j-yrjurf  field,  end  Ituri  llu?  csJL  imnu> 
crosi  appears  in  EliolopceU  fis-ld. 

4.  SriecL  Ibe  SoSMAfmk'Unb. 

Thesis ff:ps  | .c «. i ■  i !.■  ll-H1  two  dimensional  imiL-i  hckI 
idi'iLlilv  ii  10  Itn-  Solid  iiiuiIl'J  builder. 

4.3.4:  Build  3-D  Model 


Step  Ilf;  StL  Options 

ll*cr 

EKplidatiAn 

a*  Chock  4k-  Create  Inverse  ef  Device  fNegale)  Hi-plkm. 
b.  Observe  lhal  (lie  nir  being  rrcHtrd  will  be  vmihkI 
.Vn/rt /ji  iu.vi  imvi  UAt.  This  MU-  name  will  by 

defeidl  iu  ikiu  Soifd  Modi'!  fltJcL. 

By  soiecling  Ibr;  Create-  JinwseoplEeia,  Rnobju  i  la  itm  form 
of  itn-  moduli  cavity  is  generauMl. 
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Step  D:  Build  ?tscl  view  3-D  model 

I'sei 

Explanation 

a.  Cl  Let  cm  BuiliL  Model. 

Ij.  When  the  Vlsuadwr  opens,  wletl  fwmrtrifc  vfew 
t,  Middle  diet  on  the  abject  la  boIdcI  It  mid  dl^|i4ajy  Jls 
prapcrlfeL 

1  Soil'd  J  jffr  >  r/ir/r  In  rlosc  \hr  Vlsuallm. 
c.  HMm  bo  Ihe  LnyoiH  I'nlilor  and  imlea  Me  >  ™'f. 

Observe  Ilic  default  nunc  iJm  ofcjacl,  and  nalioe  ilr 

iii;il>.nhil  and  i-lnluv.  If  [lie  ilKiiLeJ  iIcil-s  ll£ii  appear,  dlflct  la 
aiako  sum  iJn-  levels  crested  match  tin-  nrak names  in  ilu> 
process  file,  and  ilmi  It*  top  rail  mum- diipruih  in  Ihe'lbp 

Cell  field  mi  dn e  Layout  Lab. 
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4.3.5:  Create  Mesh 


Slqj  14;  SrL  nii'sh  pinraiiii'ttTS 

Lscr 

ExplaibiLtwn 

a-  Seied  ifir  liih'  niirl  rllrar  ihr  yrapiin^  Iidx 

b.  UikIit  Options,  sdect  1  hi-  Maafattaa  jbrfrl}  meshing 
jirilmii. 

t-  A4nan  wttlng?  dnl jinll  srulr^s  ar?  saltelartiiry  lor  llil* 

fwiicbe. 

d.  MdcI  lie  Linear  cle men t  under. 

e.  Undnr  lifemefti  ik?  cootnri  uarhedi  Ihc  Choose}  detent} 
fitewMHSLifihux.  imjlI  miIm  Jfcir  Ixidi  iln-  K  l>ii  hihI  Y  LJii 
i-Jmtii'iu  aJziea. 

L  Endcr  1  Fiw  Ite  Z  Dir  riomcrvt  slirp. 

E-  TIkw  are  no  mntlraLiiK. 

1  hi:-.  filL-sIl  j. 1 1 1 .1 1 >. i Ici 1 1 1 ; 1 1  >. r-.  [lie  iiu^Il^'huIi-iI  in  luluimJ  A. 
M;iijIi;iI  l;iu  iiK"i[ii[iL|  V.  ill  ilul  WftfJc  if j e j ;i  1 J i i  ki  die  hlu|ii- 
|i  lum-iL.  Lipered.  ift  angled  rlu-mik-Jvi  f frillies  in  j.  null 

DUlKii^Jikll  sliLK'lui  r. 
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Step  15:  Create  mesh 

User 

Explanation 

a-  Ock  Create  M«h.  This  |»w css  rimy  Inkf1  several 
fitiiutes. 

1j.  When  ihi-  AuloMnshni  Jt  IlnlsIinL  (he  Vlsuillwr  will  apeti. 
Ihn  i'foiit  L-iTwand  middle  click  oo  Un-  ulijns  i  n> 

1. 1  i :-. | :>J .-i V  ll  h-  ikM'fiii. 

t,  The  di'fiiuh  name  :if  die  |ihi  i  Is  jWi  rW  ?.  CfiangD  diis  t\v 
Fluid. 

TTiis  fulfil  v.  iJl  1 1 1 :■  i  be  visually  iikniii  rfl  indfcii  created  in  die 
pjr'VLuin  InliHiril.  Iiul  will  [woviflc  IhtSflflflG  SifllillailCilL 
[esuUi. 

Step  1$:  Change  pa  n  mtus 

User 

Explanation 

a.  In  [In?  pane]  dm  die  left,  uhserve  [hat  I  In-  Material  In 
UNDEFINEDmA  itn:  Siams  is  mowabie. 

b.  Use  Ihe  drop  cIihvii  imm  lo  cha  line  Ihn  ^Ihkis  1o  ^yiM 
i.  Click  Update  m  update  Ihi-  flic. 

Sim  i-  die  wafer  in  i J i i nmiuliiduii  is  lluiil.  die  slalns  must  lie 
clanj^Kl.  Thecha^  um\  bn  made  either  he  diLn  pniin,  nr  ui 
Slep  L-H. 
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4.3.6:  Changing  Patch  Names 


Step  17;  Reiiuinr  channrl  vm\  |uiLc]m 

User 

EKplllHtkHI 

a.  O c\i  Patrtov. 

b.  S 1  iildlo  rlkk  dji  Ilu*  abject.  The  dr-fcnll  name  jraldj  4  will 
appraf  jci  Ihu  A^mt1  field.  Mori  Hide  SeteccHl  Patch. 

t,  Mud  Ihir-  hcm'tfir  rfetu 

4.  1 ‘lorn  the  menu  liar.  wind  Edk  >  itiit  mtutpf.  chnngp  [ho  / 
Male  ID  dU,  anil  dirk  Update. 

c.  Clow  \\»  Iriiit  Aft^p/dlalDS  \mx. 

f.  Kj«iiiig  the  channel  mil  imcrho^  using  Ihe  sainc  fiatrh 
names  u&«d  previously.  lieriew  Siup  7  <if  ilu-  previous 
iiiJiHisil  if  necessary. 

g.  Mud  Fife  >33w\o  sung  Ilu?  diaiigpa.  and  I  tip  >  Quit  Id 
dose  Mil-  Visualiair. 

fc'aldl  ElillClfV  UEi-dliMJiJi'iL  ID  ClHTefBUd  lo  jhhHLoik  Dll  4 

CkiCk  f«  HSG  Df  EBfejEKL 

4.3.7:  Solver  and  Tool  Setup 


Step  1JJ ;  Check  1  hr  Mudrl  Type 

Lwr 

Explutitkin 

a  Mud  ll  ri'  AravMfe  lab  of  Ihc  l-'iini'lKin  Manager. 
h.  Mud  Ihtr-  MtraflWdfts  SoftwrCattgoiy  ami  Ihe- 
.Muri/LVun-  Type. 

t.  Mud  STritetorns  jforraT.ui Atflnim  llr  drop  down  menu  If 
iil  <Iln^i  mu  appear  bv  default  in  ilu-  Jupui  field.  Med  ibe 
Iferv  Mfiii-  Icon  as  diu  idplii  end  of  \hh  lidil 

4.  Under  Model  Info,  selrcl  nami*s. 
c.  Vorl  \y  [liar  liiu  Model  type  Is  fhttei. 
t.  Cl  Let  OK. 

file  dniulalLun  uLlI  rut  tan  if  iIk-  MiaJrl  Typeiis  tiiovabli1. 
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Step  ISM  Change  vrittmeMateriata 

Ustf 

Explanation 

jl.  Under  Model  Info.  srletl  vyJiiw\htoi\>rixfc. 

b.  Under  Mairfial,  rllrk  m  UNDEFINED  in  open  a  il  Ini or 

c,  In  i Ih1  Material ilc-lil.  il kk  ltd-  arrow  to  Ih*  rljqlir  la  open  a 
drop  ilu’.i ]i  iiinjii. 

<L  Se-lecl  Wate  r. 

c.  Or  k  Read  From  13-nr.i  haw  Id  populate  Him  raliLi-  wllh 
nurriin]  cturadeAtics  fin  WRl.tr. 

L  Okie  Close. 

K-  CILc  k  OK  nil  cIdm  (he  dialog  hmc. 

The  fliriil  iIlli  til  Li  Ih*  channel  and  i  □ .  l  1 1  s  1 1 1  i  b.  ihr  tpecEts 
flinst  bo  defined-  In  Ibis  stop.  iln-  properties  uf  walec  net1 

1  todtt-  rlliinilL-l  volume. 

Step  20  -  Vrrify  pilch  IUuiks 

Usff 

a.  Select  /wiVjYr-EJiiil  ensure  die  fat* -channel  end  palettes  have  beta  named  ctafKlly. 
lb.  Click  Close. 

c.  CILc  k  Done  In  close  (he-  \foifeI  Info  panel. 

liH  llhlp 


pJlEhC5- 

nuriFacct 

EHiniClCf 

IrKkkiHinK 

iicmialUViclH' 

VKTVltC  Hritr 

p;»:IHai>: 

palchO 

1G 

lH>:rr 1- 

ami 

]  0.00  1J0  UGO 

[OlOGE'GDO  -JHC'GDJ 

V G 

patch  r 

1G 

h  h>=  rr  1   ■ 

ami 

)  1.00  0.30  UGO 

■ii'y.  -oik'  ejgoc.  mi 

v o 

p-nen 

1U 

■  h>z  rr  n   ■ 

-Mill 

|  1.W  LUJLI  J.IJLI 

jIl'jE  'Umi  HULK  uuu 

l J 

LAjlEllIf 

id 

iLV 

III  ri 

|  U.lJI  i.JU  IJJU 

F.i.LIJe  ■  U LI.1  \12bv  UULf 

i  l: 

4.3.8:  Solver  and  Tool  Setup 


From  this  point,  the  procedure  is  the  same  as  that  in  Tutorial  A  except  for  two  values  in  the  SwitchSim 
boundary  conditions. 


Sic])  21 :  Use  Boundary  Conditions  from  previous  tutorial 

User 

a-  Sfkrl  Sfllwr  Srtiip-.  cuoprn  die  Toof  window 

b.  HiTi't  lo  sinm  HI  dicoiish  H  f  liner-  57  1  irf  TuciKfal  A  for  l^mindarv  rcirKllllanrt. 

c.  When  the  lrj^WM1  jiarameltra  haw  been  me,  click  OK  in  dose  the  PAasre  itlalop,  lion. 

d.  ltoctrcl  with  Step  22  to  set  ihr  Switch  bcmniiary  condldonv 
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4.3.9:  Setting  SwitchSim  Boundary  Conditions 


Stfp  23:  1 1  Siimitaciun 

User 

Explanation 

a-  CHrlc  OK  Id  dwc  i\\ ft  SwfcrhlM -s  dlnhip  (w* 

h,  Al  lt*f  liolKmi  of  (hr  Swllctfilm  BCs  nmlmnl  panrl.  dirk 

Slniatt 

C  Click  OK  ro  *iiwp  MHling*  v.*hf  ii  prumplrii 

It  h  h  Rnoil  I'k'H  lo  save  M'Hlfigs  mi  [hat  In  the  rvenl  of  a 
syslEdi  prublcvii-  Iho  bamulary  conditions  ^nd  d4Iht  ferlors 
will  mx  have  us-  In1  rv  enlcrx'd. 
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4.3.10:  Simulation  Results 


Slrp£4;  Virw  Graph 

LTscr 

Op&fl  Graph  ftltrl  ftiltijkiu1  V.  itll  1  nUnLil  A 

TJie  ^rajtlAiirc-  pmenied  in  l-'lRute  i  1!  an J  Flfljm  1  7. 

Figure  4-6  splntegral  Results  from  Tutorial  A 


Figure  4-7  splntegral  Results  from  Tutorial  B 
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Ste-]>  25 :  View  tlue  SLnmlafitti  R*$u  Its 

Ustr 

Expliikathn 

a.  Startlh# VJsuhBih: 

lj,  Select  Visualize  Use 

c.  Sdncl  fowmftfrtr  boHkhikI  j wnmfisi'. 

4.  Clkf:  on  Iho  E  Icon  far  triune-  v\h\ia  Ii/hIIoii 

e.  Select  MfalkttimW 

£.  CILci  on  Active  Fifitis 
&  Unctrecklbe  Msesaud  DfspiMpmrvi  flir-lris 

h.  Clwck  Ik-  \fow  /■'racfifcyr  /  Uriel, 

i .  CILci  on  Updale  -and  Him  CLo »  1  In-  window. 

A.1  rills  -fii^Giri,  ikte  is  nu  ohycrvabla  dHTecefior:  kiureffi  dm 
viviblf  mulls  ;m>.I  clmsfiDlKflLiied  iqIimIwJbI  A. 
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Step  2ft :  Compare  <im1  contra  results 

Sci!|h  iIutuil^jIl  lltt-  list  iL^ififtilw  » iranufllil  swilfbcroes  Iliik  lluli  is-  ^lis|jl;iy«<l.  £!Gin|HflMFiii  vifM  wiclulw 
vim1.-  f cd lo  w left  Sen p  ]  tf  cf  Tufcorti]  A.  Observe  ike  edTeel  oF  pinrfi  oji  ike  unde!. 

Figure  4-8  Species  Without  Pinch 
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Figure  4-9  Species  With  Pinch 


Step  21 i  hurtlKr  Analysis 

User 

Explanation 

The  |B5l  slmubtfH  analj^ls  steps  ciKTulorlnl  A  nn  be 
dijplirnled  here  If  desired, 

This  shmilailan  ran  be  repealed  ^iilh  -piarln!  ions-  In  wNiipe. 
lime  Jinnic".  ‘ilc^Fsily  orswllch  coalljjnraUwi 
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4.4:  Reference 


This  section  explains  the  SwitchSim  windows  and  the  setting  options  available  in  each  one.  The  window 
map  in  Figure  4-10  is  an  overview  of  the  SwitchSim  solver  flow. 
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4.4.1:  Tool  Window 


When  the  user  selects  the  SwitchSim  solver  the  Tool  window  allows  the  user  to  set  the  parameters  for 
running  the  fluidic  solver. 
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•  Controls/Method 

The  Navier-Stokes  equations  used  in  the  microfluidics  solvers  are  non-linear  and  require  an  iterative 
approach  to  solving  problems.  The  solvers  adjust  a  variety  of  variables  as  part  of  the  solution  method, 
allowing  them  to  solve  both  straightforward  problems  with  single  solutions,  as  well  as  more  complex 
problems  with  multiple  local  minimum  or  maximum  values.  This  setting  is  only  active  for  the  FEM  tool. 

o  Coupled:  The  coupled  solver  is  the  default  choice  for  the  microfluidics  solvers.  This 
iterative  solver  is  recommended  for  most  problems,  and  can  handle  steady  state  and 
transient  flows. 

o  Segregated:  The  segregated  solver  solves  each  degree  of  freedom  in  the  problem 

separately  and  consecutively.  Thus,  the  three  momentum  equations  for  flow  in  the  X,  Y, 
and  Z  directions  and  the  pressure  and  energy  equations  are  each  solved  separately.  This 
approach  uses  less  system  memory  at  the  expense  of  a  longer  solution  time.  It  is 
recommended  for  problems  containing  more  than  1000  parabolic  bricks. 

•  Controls/Advanced  Controls 

Several  different  tolerances  may  be  set  depending  on  the  non-linearity  of  the  flow  problem. 

o  Solution  Tolerance:  Convergence  value  setting.  The  default  value  of  0.0001  may  be  reduced 
if  the  solution  is  not  fully  converged. 

o  Residual  Tolerance:  Applies  only  to  the  FEM  tool.  Similar  to  the  Solution  Tolerance; 
controls  the  Flux  of  a  particular  quantity. 

o  Upwinding:  A  numerical  solution  stabilization  technique  that  prevents  solver  instability. 
Occasionally,  the  solver  will  be  unable  to  complete  its  calculations  due  to  mesh  anomalies.  If 
this  occurs,  change  this  value  to  1  (second-order  stabilization)  or  2  (first-order  stabilization). 
FEMTool  only. 
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o  Relaxation:  Specifies  relaxation  factors  for  the  degrees  of  freedom  in  the  system.  The  value 
of  0  is  the  default  relaxation  setting  and  is  recommended  for  most  solutions.  The  value  of  1  is 
a  more  conservative  setting,  recommended  for  more  difficult  solutions  such  as  a  high 
Reynolds  number  or  a  high  Peclet  number.  The  value  of  2  is  the  most  conservative  and  is 
recommended  for  solutions  that  diverge  when  using  the  first  two  options.  Optimal  values  are 
problem-dependent,  and  can  be  derived  only  by  trial  and  error. 

O  Memory  Use:  The  default  setting  is  -1,  which  allows  the  software  to  allocate  memory  as 
required.  For  large  3-D  problems,  or  to  avoid  unnecessary  swapping,  the  user  should  set  this 
value  if  the  job  is  larger  than  the  RAM  memory.  A  suggested  range  is  2/3  to  4/5  of  actual 
RAM.  This  setting  applies  only  to  the  FEM  tool.  The  FVM  tool  uses  dynamic  memory 
allocation;  the  solver  allocates  as  much  memory  as  it  needs. 

•  Transients/ Analysis 

o  Steady:  Performs  a  steady  state  or  time-independent  analysis.  The  solver  will  attempt  to 
converge  to  an  answer  within  the  number  of  steps  given  in  the  Edit  window  Maxlncrement 
setting.  The  default  value  is  30,  but  the  segregated  solver  may  require  that  this  value  be 
increased. 

o  Transient:  This  setting  sets  up  the  transient  simulation.  Five  time  steps  are  set:  Start:  Time  to 
start  simulation. 

Delta  T:  Time  interval  for  simulation.  It  should  be  set  to  a  very  small  number,  about  le-6 
times  the  Stop  value  for  variable  time  steps.  When  using  FVMTool  or  FEMTool/fixed 
timestep,  Delta-T  should  be  set  using  a  Courant  number.  The  Courant  number  is 


C  = 

AY 

where  V  is  a  characteristic  velocity,  delta  X  is  the  grid  size,  and  delta  T  is  the  timestep.  The 
Courant  number  should  be  less  than  0.1  for  accurate  solutions.  When  using  the  Variable 
timestep,  set  Delta_T  to  a  small  value 
Stop:  Time  to  stop  simulation. 

DTMax:  Applies  only  to  the  FEM  tool.  When  TimeStep  is  set  to  Variable,  sets  the  maximum 
range  for  the  time  step.  If  set  to  0,  it  is  ignored.  It  should  be  set  to  0,  except  for  complex 
problems,  where  it  should  be  set  to  1/100  of  the  total  simulation  time  (0.01  *  (Stop  -  Start)). 
Output:  Specify  time  increments  at  which  the  mbif  files  are  written.  For  example,  a  setting  of 
0.2  writes  an  mbif  file  every  0.2  seconds  for  the  duration  of  the  simulation. 

•  Transients/TimeStep 

This  controls  the  time  step  of  the  overall  transient  analysis.  The  FVMTool  always  uses  a  fixed 
timestep. 

•  Variable:  This  time  stepping  control  default  value  is  the  optimal  setting.  The  solver 
determines  the  time  step  value  at  any  given  point  in  the  solution.  With  a  variable  setting, 
the  solver  can  use  small  time  steps  at  the  beginning  of  the  problem,  and  larger  steps  near 
the  end  when  the  solution  is  nearly  complete. 

•  Fixed:  This  time  step  is  used  for  special  problems.  An  example  is  when  the  solver  would 
increase  the  timestep  in  the  variable  mode  with  steps  that  are  larger  than  the  time  in 
which  the  effects  that  are  studied  occur.  In  highly  viscous  flows  the  actual  start-up  effects 
of  the  flow  might  be  skipped.  The  Fixed  time  step  also  needs  to  be  set  if  the  Response 
option  is  used  in  the  Transient  Boundary  Conditions.  With  the  Response  option  the 
steady  state  situation  is  calculated  first  and  switched  off.  Fixed  timesteps  are  very 
efficient  when  using  the  coupled  solver. 
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•  Transients/Tolerance 

Tolerance  of  a  physical  time  step  in  the  transient  analysis.  Examining  the  mass  conservation  plot 
at  the  end  of  a  transient  simulation  may  check  the  accuracy  of  the  solution.  Depending  on  the  mass 
conservation  plot  results,  the  tolerance  value  may  be  increased  or  decreased  from  the  default 
setting  of  0.001. 

•  Analysis  Settings/Tool  name 

o  FEMTool:  The  FEMTool  uses  the  Fidap  solver.  Fidap  uses  parabolic  finite  elements,  and 
is  more  accurate  for  coarse  meshes. 

o  FVMTool:  Uses  the  Fluent  solver,  which  is  capable  of  handling  large  models  (hundreds 
of  thousands  of  ele-ments),  therefore  allowing  significant  decrease  in  computation  time 
and  memory.  The  FVM  tool  gives  more  robust  convergence  for  high  Reynolds  numbers 
or  more  complex  flows.  It  also  allows  designers  to  use  non-conformal  meshing  at  fluid- 
fluid  interfaces.  Users  can  mesh  different  parts  of  the  model  with  different  tools,  and  then 
merge  them  into  one  model  without  worrying  about  nodes  being  coincident  on  the 
interfaces  between  separate  meshes.  This  tool  only  supports  linear  bricks  and  linear  tets. 
Three-dimensional  meshes  must  be  composed  of  linear  bricks  or  linear  tets.  Two- 
dimensional  meshes  must  be  composed  of  linear  bricks.  Slip  boundary  conditions, 
volumetric  velocity,  and  volumetric  temperature  boundary  conditions  are  not  supported 
with  this  tool. 

Use  this  tool  for  non-dilute  problems,  where  the  electrical  conductivity  is  a  function  of 
the  species  concentration,  or  for  coupled  thermal  electrokinetic  problems  where  the 
electrical  conductivity  is  a  function  of  the  temperature. 

o  Analysis  Settings/Analysis 

Sets  the  type  of  analysis  to  be  performed.  Dilute  is  the  only  choice, 
o  Analysis  Settings/Species 

Specifies  the  number  of  components  present  in  the  flow,  including  the  carrier  fluid. 
Choices  are  Carrier,  Carrier+1,  and  Carrier+2. 

o  Analysis  Settings/Dimension 

o  3D:  Tells  the  solver  to  run  a  three  dimensional  solution  with  dimensions 
X,Y,  and  Z. 

o  2D-Axi:  Allows  the  user  to  run  a  two  dimensional  axi-symmetric  solution. 
The  model  has  to  be  generated  in  the  XY-plane  and  should  be  1  element 
thick  in  the  Z  direction.  The  X-axis  is  the  axis  of  symmetry  and  the  Y-axis 
is  the  radial  coordinate. 

o  2D:  Allows  the  user  to  run  a  two  dimensional  solution.  The  model  has  to  be 
generated  in  the  XY-plane  and  should  be  1  element  thick  in  the  Z  direction. 
No  boundary  conditions  may  be  applied  to  surfaces,  which  lie  in  this  X-Y 
plane. 

o  OK 

Applies  changes  to  the  window,  but  does  not  continue  with  SwitchSim.  Control  returns  to 
the  Analysis  tab  window. 

o  Next 

Applies  the  changes  made  in  the  Tool  window;  opens  the  SwitchSim  boundary  conditions 
window. 
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4.4.2:  SwitchSim  Boundary  Conditions  Window 


The  SwitchSim  BCs  boundary  conditions  window  allows  the  user  to  choose  windows  to  specify  load 
conditions  for  the  SwitchSim  fluidic  solver. 


Eadi  buLlun  a  wind vm 
(described -separately).  Each 
opened  window  reams  conlroi 
to  tne  twOTchlrai  wndow. 


Stem  smmsm  solver 

Opens  results  and  Visualizer  wtiom 


SurfaceBCs 


Opens  window  (see  page  94)  to  set  surface  boundary  conditions,  such  as  velocity  and  pressure. 

VolumeBCs 

Opens  window  (see  page  97)  to  set  boundary  conditions  that  affect  an  entire  volume,  such  as  temperature 
conditions. 


Species 

Opens  a  Species  window.  Note  that  this  button  does  not  appear  if  the  Tool  window  is  set  for  a  Species=l 
value. 


SpeciesSurfBCs 

Opens  window  (see  page  1 02)  to  set  surface  boundary  conditions  for  species  present  in  the  carrier  fluid. 
SpeciesVolBCs 

Opens  window  (see  page  1 04)  to  set  volume  boundary  conditions  for  species  present  in  the  carrier  fluid. 

Transients 

Opens  window  (see  page  106)  to  set  conditions  for  transient  calculations. 

Phases 

Opens  window  (see  page  108)  to  set  times  when  switching  events  occur. 
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SwitchBCs 


Opens  window  (see  page  109)  to  set  switching  voltages  at  the  phase  times  specified  in  the  phases  window. 

Simulate 

Launches  SwitchSim  solver. 

Cancel 

Does  not  proceed  with  SwitchSim  solver;  returns  focus  to  Function  Manager  window. 

Surface  Boundary  Conditions  Window 

The  SurfaceBCs  window  sets  patch  surface  boundary  conditions.  Fix  types  and  load  conditions  for  these 
surfaces  can  be  specified  in  eight  Sets  within  this  window.  When  setting  up  conditions,  the  LoadValue 
button  needs  to  correspond  to  the  appropriate  boundary  condition.  Not  all  combinations  of  boundary 
conditions  and  LoadValue  can  be  used. 
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SurfaceBCs 

This  display-only  column  allows  the  user  to  define  up  to  eight  boundary  condition  sets  for  the  model. 

Fix  Type 

Enables  pull-down  menu  with  many  load  type  choices: 

o  Wall:  This  represents  a  “no  slip”  (zero  velocity)  boundary  condition  at  the  selected  patches. 
No  LoadValue  is  applied. 

o  Velocity:  Possible  LoadValues  are  Velocity  and  Vector. 

o  X- Velocity:  This  option  specifies  a  uniform  velocity  in  the  X-direction.  The  option  is  very 

useful  when  applying  symmetric  boundary  conditions  for  which  the  velocity  perpendicular  to 
the  axis  of  symmetry  is  0.  A  Scalar  LoadValue  is  used. 
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o  Y-Velocity:  This  option  specifies  a  uniform  velocity  in  the  Y-direction.  The  option  is  very 
useful  when  applying  symmetric  boundary  conditions  for  which  the  velocity  perpendicular  to 
the  axis  of  symmetry  is  0.  A  Scalar  LoadValue  is  used. 

o  Z-Velocity:  This  option  specifies  a  uniform  velocity  in  the  Z-direction.  The  option  is  very 
useful  when  applying  symmetric  boundary  conditions  for  which  the  velocity  perpendicular  to 
the  axis  of  symmetry  is  0.  A  Scalar  LoadValue  is  used. 

o  Pressure:  A  constant  pressure  on  the  selected  patch  is  specified.  A  Scalar  LoadValue  is  used. 

o  Symmetry:  The  selected  patch  is  a  plane  of  symmetry.  It  is  important  that  the  entire  problem, 
not  just  the  geometry,  is  symmetric.  No  LoadValue  is  applied. 

o  FlowRate:  The  flow  rate  follows  the  sign  convention  of  all  boundary  conditions.  A  positive 
flow  rate  is  along  the  normal  of  the  selected  patch.  In  Coventor  software  the  normal  always 
points  to  the  volume,  so  the  FlowRate  is  into  the  patch  when  a  positive  value  is  specified.  A 
Scalar  LoadValue  is  used. 

o  Temperature:  Applies  a  constant  temperature  on  the  selected  patch.  A  Scalar  LoadValue  is 
used. 

o  Voltage:  This  boundary  condition  applies  a  constant  potential  on  the  specified  patch.  Note 
that  a  potential  difference  must  be  specified;  therefore,  two  Voltage  BC  specifications  are 
required.  A  Scalar  LoadValue  is  used. 

o  Current:  This  boundary  condition  applies  a  current  through  the  specified  patch.  A  Scalar 
LoadValue  is  used. 

o  Wall  Effects:  This  boundary  condition  allows  the  specification  of  electroosmotic  effects  in 
the  flow.  EO  Mobility  LoadValues  can  be  used.  Slip  wall  effects  also  can  be  taken  into 
account  with  the  Slip  Load- Value. 

Patchl,2,3 

Choose  any  of  the  patch  names  previously  set  up. 

Load  Value: 

Choose  from  several  load  types.  Each  type  uses  a  different  edit  window;  the  entire  set  of  edit  windows  is 

shown  as  part  of  the  LoadValue  explanation. 

o  Scalar:  one-dimensional  quantity,  such  as  pressure  load  or  temperature. 

o  Vector:  Used  with  the  Velocity  FixType.  This  defines  a  uniform  velocity  profile  in  the 
direction  of  the  vector  specified  on  the  selected  patch. 

o  Velocity:  Used  with  the  Velocity  FixType.  This  is  a  quadratic,  linear  or  constant  polynomial 
in  all  three  directions  for  the  velocity  on  the  selected  patch.  For  each  velocity  U  x  ,  U  y  ,  and 
U  z  a  separate  polynomial  can  be  given.  For  example,  Pouiselle  Flow  in  a  pipe  yields  the 
following  profile: 


where  C  is  a  constant  and  Y  0  is  the  pipe  radius. 
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For  this  example,  the  Edit  Velocity  window  below  requires  that  only  the  first  U  x  line  needs 
to  be  filled  in.  The  following  column  values  are  required  for  this  window: 

ColumnA  =  C,  ColumnC  =  -C,  ColumnY  y  2  =  1.  All  remaining  columns  are  zero. 

The  example  shown  is  filled  out  for  the  constant  C  =  5. 
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o  Slip:  The  Mean  Free  Path  and  the  MAC  (Momentum  Accommodation  Coefficient)  are  used 
in  the  slip  equation  to  study  wall  effects  in  microchannels.  It  is  used  exclusively  with  the  Wall 
Effects  FixType.  The  slip  velocity  at  the  wall  can  be  expressed  as  follows: 

SiiitVrJfjrrty  -Tf/i/ — H 

\dnUaif 

■where  tV is  ihe  velocity,  tiis  (he  direction  normal  to  the  velocity,  tT  is  Ihe  streamwise  momentum  accom- 
□wdaLkHL.  expressed  as  follows: 


where  Is  lIm1  jiiuinLMLluin  acconunodulioci  cuc-JTUitfil  (MAC).  Usually,  CT^-I  Un  i(  on  vary  within  Llw 
ran^e  0  <  (Tm  <1. 

K  is  the  Knudse]i  number,  which  can  be  expressed  as; 

MeB/iFreeFalh 
u  C  ha  rd  c  terfe  f V-c/.  e  a gih 

If  this  value  is  smaller  thuii  D.CJ  ]  Lite  slip  cflrtl  is  m-plecled. 
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o  EO_Mobility:  This  setting  enables  the  representation  of  the  electroosmotic  effects  on  the 
walls  through  a  mobility  that  defines  the  velocity  achieved  by  the  charged  carrier  at  the  edge 
of  the  double  layer  in  the  electric  field.  Note  that  this  implies  a  relaxation  of  the  no-slip  wall 
boundary  condition,  since  the  near-  wall  region  is  no  longer  solved.  The  EOMobility  is  a 
positive  number  for  a  negatively  charged  wall.  (In  other  words,  a  positive  value  will  result  in 
flow  towards  the  negative  electrode.) 
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O  Partial_EO:  This  setting  measures  the  EO  mobility  when  the  surface  properties  change  across 
the  length  of  a  channel.  To  use  this  LoadValue  with  a  specific  patch,  define  a  volume  where 
the  surface  changes  occur  with  the  first  six  entries,  and  enter  the  new  EO  mobility  for  this 
region  with  the  last  entry. 
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Variable 

Setting  for  Simulation  Manager.  A  Fixed  setting  (the  default)  uses  constant  Load  Values,  which  are  not 
changed  during  a  Simulation  Manager  run.  When  a  Load  Value  is  to  be  a  variable  modified  by  a  Simulation 
Manager  trajectory,  one  of  eight  SW  BC  variables  can  be  used,  corresponding  to  the  lines  in  the 
SwitchSimBC  Simulation  Manager  setup  window. 

Transient 

Setting  for  transients  surface  boundary  condition.  A  Fixed  setting  (the  default)  does  not  apply  transients. 
When  a  Set  is  to  be  modified  by  a  transient  event,  one  of  two  Transient  variables  are  available  for 
assignment.  The  variable  is  defined  in  the  transients  window  (see  page  106).  With  this  technique  a  periodic 
pressure  or  input  flow  can  be  generated.  By  setting  the  Transient  variable  the  input  on  that  node  set  is 
coupled  to  the  waves  or  function  defined  in  the  transients  window. 


Volume  Boundary  Conditions  Window 

The  VolumeBCs  window  sets  volume  boundary  conditions.  Types  and  load  conditions  for  these  volumes 
can  be  specified  in  Sets  within  this  window. 
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VolumeBCs 

This  display-only  column  allows  the  user  to  define  up  to  eight  boundary  condition  sets  for  the  model 

BCType 

Enables  pull-down  menu  with  several  choices: 

o  none:  Does  not  apply  a  boundary  condition  to  the  volume. 

o  Mass  Flow:  Specifies  a  mass  flow  in  three  directions — Mx,  My,  Mz.  The  Mass  Flow  LoadValue 
is  used. 

o  Velocity:  Applies  a  velocity  to  the  selected  part.  A  Vector,  Velocity,  or  InputFile  FoadValue  is 
used. 

o  Heat  Generation:  Heat  can  be  generated  in  a  part.  The  part  is  usually  a  solid  and  not  a  fluid.  A 
Scalar  Foad- Value  is  used. 

o  Temperature:  Applies  a  fixed  temperature  to  the  selected  part.  A  Scalar  FoadValue  is  used. 

o  E-Field:  The  E-Field  in  the  volume  can  be  read  from  a  pre-computed  mbif  file.  Use  the  InputFile 
FoadValue  and  specify  the  directory  path. 

o  Temperature  Cycle:  Applies  a  temperature  cycle  to  the  part. 

Part 

Enables  pull-down  menu  with  a  list  of  all  the  parts  modeled  and  stored  in  the  mbif  file. 

Load  Value 

Choose  from  several  load  types.  Each  type  uses  a  different  edit  window,  shown  below  with  the  LoadValue 

description. 

o  Scalar:  Used  to  specify  a  one-dimensional  value,  such  as  Temperature  or  Heat  Generation. 

o  Mass  Flow:  Used  to  specify  a  three-dimensional  value  for  Mass  Flow. 

O  Velocity:  Used  with  the  Velocity  BCType.  This  is  a  quadratic,  linear  or  constant  polynomial  in  all 
three  directions  for  the  velocity  on  the  selected  part.  For  each  velocity  U  x ,  U  y ,  and  U  z  a  separate 
polynomial  can  be  given. 
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o  PreCompute:  Decouples  the  momentum  and  species  equations.  The  velocity  is  pre-computed  and 
an  advection-diffusion  analysis  for  the  species  follows.  No  LoadValue  edit  window  is  used, 
o  Input  File:  Specifies  a  result  mbif  file  from  another  simulation  as  the  source  data  input  initial 
conditions.  The  default  directory  is  the  directory  from  which  the  software  is  launched. 

Variable 

Setting  for  Simulation  Manager.  A  Fixed  setting  (the  default)  uses  constant  Load  Values,  which  are  not 
changed  during  a  Simulation  Manager  run.  When  a  Load  Value  is  to  be  a  variable  modified  by  a  Simulation 
Manager  trajectory,  one  of  eight  SWBC  variables  can  be  used,  corresponding  to  the  lines  in  the 
SwitchSimBC  Simulation  Manager  setup  window. 

Transient 

Setting  for  transients  surface  boundary  condition.  A  Fixed  setting  (the  default)  does  not  apply  transients. 
When  a  Set  is  to  be  modified  by  a  transient  event,  one  of  two  Transient  variables  are  available  for 
assignment.  The  variable  is  defined  in  the  transients  window  (see  page  109). 


Species  Window 

The  Species  window  allows  the  user  to  specify  the  species  characteristics  used  for  the  simulation.  The 
species  present  are  in  infinitely  dilute  form,  therefore  material  properties  are  not  needed.  The  Tool  window 
must  have  Species  set  to  Carrier+1  or  Carrier+2  to  access  this  window.  Carrier+1  results  in  a  single-column 
Species  window,  and  Carrier+2  results  in  a  dual-column  Species  window. 
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species 

This  view-only  window  lists  the  species  parameters  that  user  can  specify  for  simulation:  Molecular  Weight, 
Diffusion,  Mobility,  and  Conductivity. 

Species_2,  Species_3 

Designates  the  type  of  parameter  to  be  specified.  Choices  include: 

o  Constant-Scalar:  Constant  with  a  single  value  over  the  entire  field. 

o  Polynomial-T:  Polynomial  function  of  temperature.  Six  constant  coefficients  are  allowed  to 
enable  the  definition  of  up  to  a  fifth  order  polynomial, 
o  Polynomial-V:  Solves  for  non-linear  electrophoresis.  The  user  enters  up  to  six  polynomial 
coefficients. 

For  non-linear  electrophoresis  problems  where  the  electrophoretic  mobility  changes 
significantly,  oscillations  may  be  observed  in  the  solution.  These  can  be  damped  out  by 
turning  on  Upwinding  (from  the  Advanced  button  in  the  Tool  window)  and  setting  the 
value  to  1 .  After  running  a  simulation,  the  user  should  check  the  splntegral  results  table 
carefully.  It  may  be  necessary  to  adjust  the  Tool  window  Timestep  to  Variable,  and  the 
Tolerance  value  downwards  (in  the  range  of  1.0e-03  to  1.0e-06)  to  improve  mass 
conservation. 

o  Polynomial-T, VO:  This  setting  is  not  currently  supported  in  SwitchSim. 

o  Table-T:  Tabular  form  for  defining  temperature-property  pairs.  Linear  interpolation  is  used  for 
intermediate  values. 

Edit  window 

Specifies  the  parameter  value  in  this  window.  Window  format  dependent  on  the  parameter  type  specified. 
The  Edit  window  variants  are  shown  on  page  104. 
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Species  Edit  windows 

Each  LoadValue  type  selected  from  the  Species  window  uses  its  own  format  for  entering  parameters.  The 
windows  are  described  in  more  detail  in  this  section. 

Constant-Scalar 

Constant  with  a  single  value  over  the  entire  field. 

Polynomial-T 

Polynomial  function  of  temperature.  Six  constant  coefficients  are  allowed  to  enable  the  definition  of  up  to  a 
fifth  order  polynomial. 


Polynomial-V 

Polynomial  function  of  electric  field  strength.  Used  to  calculate  non-linear  electrophoresis.  The  user  enters 
up  to  six  polynomial  coefficients. 
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Table-T 

Tabular  form  for  defining  temperature-property  pairs.  Linear  interpolation  is  used  for  intermediate  values. 


Species  Surface  Boundary  Conditions  Window 

The  speciesSurfBCs  window  sets  surface  boundary  conditions  for  the  species.  Fix  types  and  load 
conditions  for  these  surfaces  can  be  specified  in  eight  Sets  within  this  window.  When  setting  up  conditions, 
the  LoadValue  button  needs  to  correspond  to  the  appropriate  boundary  condition.  Not  all  combinations  of 
boundary  conditions  and  LoadValues  are  possible. 


speciesSurfBCs 

This  display-only  column  allows  the  user  to  define  up  to  eight  boundary  condition  sets  for  the  model. 
Species 

Can  choose  either  Species  1  or  Species  2  for  the  setting. 

Patchl,2,3 

Choose  from  any  of  the  patch  names  previously  set  up. 
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Load  Value 


Choose  from  several  load  types.  Each  type  uses  a  different  edit  window;  the  entire  set  of  edit  windows  is 
shown 

as  part  of  the  LoadValue  explanation, 
o  Scalar:  a  fixed  value  on  a  patch. 

o  Inj  Gaussian:  the  injection  of  a  finite  width  Gaussian  stream  of  species  through  the  patch.  The 
Full-Width  at  Half  Max  (FWHM)  value  can  be  defined  in  seconds  or  in  microns. 


o  Inj_Plug:  the  injection  of  a  finite  width  square  plug  through  the  patch.  The  Length  of  the  plug  can 
be  defined  in  seconds  or  in  microns. 


Variable 

Setting  for  Simulation  Manager.  A  Fixed  setting  (the  default)  uses  constant  Load  Values,  which  are  not 
changed  during  a  Simulation  Manager  run.  When  a  Load  Value  is  to  be  a  variable  modified  by  a  Simulation 
Manager  trajectory,  one  of  eight  SW  BC  variables  can  be  used,  corresponding  to  the  lines  in  the 
SwitchSimBC  Simulation  Manager  setup  window. 

Transient 

Setting  for  transients  surface  boundary  condition.  A  Fixed  setting  (the  default)  does  not  apply  transients. 
When  a  Set  is  to  be  modified  by  a  transient  event,  one  of  two  Transient  variables  are  available  for 
assignment.  The  variable  is  defined  in  the  transients  window.  With  this  technique  a  periodic  pressure  or 
input  flow  can  be  generated.  By  setting  the  Transient  variable  the  input  on  that  node  set  is  coupled  to  the 
waves  or  function  defined  in  the  transients  window. 


103 


Species  Volume  Boundary  Conditions  Window 


The  species VolBCs  window  sets  volume  boundary  conditions  for  the  species.  Types  and  load  conditions 
for  these  volumes  can  be  specified  in  Part  sets  within  this  window. 
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speciesVolBCs 

This  display-only  column  allows  the  user  to  define  up  to  eight  boundary  condition  sets  for  the  model. 

Species 

Can  choose  either  Species  1  or  Species  2  for  the  setting. 

BCType 

Enables  pull-down  menu  with  several  choices: 

o  none:  Does  not  apply  a  boundary  condition  to  the  volume. 

o  Fixed:  Fixes  the  selected  volume. 

o  Initial:  This  boundary  condition  is  used  only  for  transient  flow  analysis.  A  patch  needs  to  be 

associated  and  selected  in  order  to  pose  a  numerically  correct  problem.  The  selected  method  enters 
Mass  Fraction  into  the  flow  as  desired.  The  transient  problem  needs  a  Dirichlet  BC  for  the 
concentration,  which  is  chosen  to  be  0  on  the  selected  patch.  Thus,  the  selected  patch  should  be  far 
enough  upstream  in  order  for  the  Mass  Fraction  not  to  reach  the  patch  at  any  time. 

Part 

Enables  pull-down  menu  with  a  list  of  all  the  parts  modeled  and  stored  in  the  mbif  file. 

Load  Value 

Choose  from  several  load  types.  Each  type  uses  a  different  edit  window,  shown  below  with  the  FoadValue 

description. 

o  Scalar:  Used  to  specify  a  one-dimensional  value,  such  as  Temperature  or  Heat  Generation. 

o  Location:  Confines  the  concentration,  given  by  the  Mass  Fraction,  to  the  selected  minimum  and 

maximum  values  of  X,  Y,  and  Z.  The  software  finds  all  nodes  that  are  within  these  bounds  and 
applies  the  Mass  Fraction.  If  the  minimum  and  maximum  in  any  direction  are  left  unchanged  (i.e. 
zero),  it  means  that  “no  filter”  is  applied  in  this  direction.  Using  this  LoadValue  can  lead  to  solver 
uncertain-ties,  due  to  the  sharp  edges  created  by  the  Focation  setting.  The  Gaussian  setting  is 
preferred. 
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o  Gaussian:  Applies  a  Gaussian  distribution  according  to  the  following  formula: 


where  A  is  the  amplitude,  and  a  is  the  change  in  a  particular  direction.  Typically,  only  one 
dimension  is  given  a  non-zero  a  value,  which  results  in  a  plug  of  species  given  a  Gaussian 
distribution  in  one  axial  direction.  The  Gaussian  setting  greatly  reduces  solver  instability,  and  is 
the  preferred  LoadValue  for  most  calculations. 

The  x_0,  y_0,  and  z_0  values  in  the  Edit  Gaussian  windows  define  a  flat  peak  on  the  Gaussian  plot 
in  the  x,  y,  and  z-directions,  respectively,  from 

.til  i  \  .t  .tfh  £  .t  l.) 


o  Input  File:  Specifies  a  result  mbif  file  from  another  simulation  as  the  source  data  input  boundary 
conditions.  The  default  directory  is  the  directory  from  which  the  software  is  launched. 
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Variable 


Setting  for  Simulation  Manager.  A  Fixed  setting  (the  default)  uses  constant  Load  Values,  which  are  not 
changed  during  a  Simulation  Manager  run.  When  a  Load  Value  is  to  be  a  variable  modified  by  a  Simulation 
Manager  trajectory,  one  of  eight  SW  BC  variables  can  be  used,  corresponding  to  the  lines  in  the 
SwitchSimBC  Simulation  Manager  setup  window. 

Transient 

Setting  for  transients  surface  boundary  condition.  A  Fixed  setting  (the  default)  does  not  apply  transients. 
When  a  Set  is  to  be  modified  by  a  transient  event,  one  of  two  Transient  variables  are  available  for 
assignment.  The  variable  is  defined  in  the  transients  window. 


Transients  Boundary  Conditions  Window 

The  transients  window  enables  the  user  to  specify  boundary  conditions  associated  with  transient 
calculations.  Transient  variables  can  be  assigned  in  the  SurfaceBCs  or  VolumeBCs  window,  and  the  type  of 
transient  response  to  use  for  the  problem  can  be  specified  in  this  window.  Two  different  transient  types  can 
be  specified.  For  any  transient  analysis,  the  appropriate  parameters  should  be  set  up  in  the  SwitchSim  Tool 
window. 


Transients  are  restricted  to  the  following  boundary  condition  settings:  SurfaceBCs — Velocity, 
X,Y,Z  Velocity,  Pressure,  FlowRate  Temperature,  Heat  Flux,  Concentration;  VolumeBCs — Heat 
Generation. 
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transients 

This  display-only  column  allow  the  user  to  define  up  to  eight  boundary  condition  transient  sets  for  the 
model. 

Transient 

This  column  allows  assignment  of  one  of  two  transient  curve  variables:  Transient  1  or  Transient2.  The 
equivalent  TransientBCl  and  TransientBC2  variables  are  assigned  in  either  the  SurfaceBCs  or  VolumeBCs 
window  to  a  desired  parameter  for  transient  analysis. 


106 


Curve  Type  /  Edit 


The  SwitchSim  transient  capability  allows  one  of  four  different  transient  waveforms  to  be  specified  for  the 
analysis.  The  specific  waveform  characteristics  are  specified  in  the  Edit  window  accessed  from  the  Edit 
button.  These  Edit  windows  are  further  described  below. 

o  Square:  Assigns  a  square  wave  as  the  transient  curve.  The  square  wave  can  be  controlled  by 
adjusting  its  period,  split  (duty  cycle),  or  amplitude, 
o  Periodic:  Assigns  a  periodic  curve  as  the  transient.  The  periodic  curve  can  be  controlled  by 
adjusting  its  period,  mean,  or  amplitude. 

o  Curve:  Assigns  a  table  of  time  step  and  property  values  in  order  to  create  a  customized  curve, 
o  Sawtooth:  Produces  a  sawtooth  waveform. 

Variable 

Setting  for  Simulation  Manager.  A  Fixed  setting  (the  default)  uses  constant  Load  Values,  which  are  not 
changed  during  a  Simulation  Manager  run.  When  a  Load  Value  is  to  be  a  variable  modified  by  a  Simulation 
Manager  trajectory,  one  of  two  FluidBC  variables  can  be  used,  corresponding  to  the  lines  in  the  fluidBCs 
Simulation  Manager  setup  window. 

Transients  BC  Edit  CurveType  Windows 

Each  transient  LoadValue  type  selected  from  the  Edit  CurveType  window  uses  its  own  format  for  entering 
parameters.  The  windows  are  described  in  more  detail  in  this  section. 

Square 

The  square  wave  can  be  controlled  by  adjusting  its  period,  split  (duty  cycle),  or  amplitude.  Period  is  the 
time  between  the  start  of  two  consecutive  square  waves.  Split  is  a  value  between  0  and  1.  If  Split  is  0.5,  the 
square  wave  is  at  its  maximum  for  half  a  period.  If  the  Split  is  0.3,  then  the  square  wave  is  at  its  maximum 
for  30%  of  the  period.  Amplitude  is  the  maximum  value  of  the  square  wave. 

Periodic 

The  periodic  wave  can  be  controlled  by  adjusting  its  period,  mean,  or  amplitude:  Period  is  the  time  between 
the  start  of  two  periodic  waves.  Mean  moves  the  periodic  curve  vertically  (up  or  down).  Amplitude  is  the 
maximum  value  of  the  periodic  wave. 

Curve 

The  custom  curve  is  described  with  a  table  of  time  step  and  property  values.  Users  can  enter  up  to  10 
different  sets  of  time  and  amplitude  values  to  simulate  almost  any  type  of  transient  curve. 

Sawtooth 

The  sawtooth  is  described  with  a  combination  of  time  and  temperature  values,  along  with  a  slope 
specification  for  the  sawtooth  angle. 
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SwitchSim  BCs  /  phases  boundary  conditions  window 


The  tables  allow  the  user  to  set  the  switching  time  intervals  for  the  simulation  sequence.  The  voltages 
corresponding  to  each  phase  are  set  in  the  switching  boundary  conditions  window. 


Phases 

This  display-only  column  allows  the  user  to  define  up  to  eight  different  phase  times  for  switching  to  occur. 

Time 

This  column  allows  assignment  of  a  phase  time.  Times  specified  are  intervals;  the  cumulative  event  time  is 
the  sum  of  all  specified  phase  times.  The  solver  stops  at  the  first  phase  duration  time  of  0.0.  The  total 
simulation  time  is  equal  to  the  sum  of  the  phases. 

Variable 

Setting  for  Simulation  Manager.  A  Fixed  setting  (the  default)  uses  constant  Load  Values,  which  are  not 
changed  during  a  Simulation  Manager  run.  When  a  Load  Value  is  to  be  a  variable  modified  by  a  Simulation 
Manager  trajectory,  one  of  eight  SwSimBC  variables  can  be  used,  corresponding  to  the  lines  in  the 
SwitchSimBC  Simulation  Manager  setup  window. 
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SwitchBCs  Boundary  Conditions  Window 


The  SwitchBCs  window  allows  the  user  to  set  the  voltage  value  for  each  port  of  the  switch  structure,  with 
each  Edit/array  entry  corresponding  to  the  phase  time  set  in  the  Phases  boundary  conditions  window. 
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SwitchBCs 

This  display-only  column  allows  the  user  to  define  up  to  eight  port  voltages  for  the  switch  structure. 

FixType 

This  column  allows  assignment  of  either  PhaseVoltage  or  PhaseCurrent  as  the  phase  type.  The 
accompanying  Edit  button  allows  access  to  an  Edit  window.  This  additional  window,  shown  above  on  the 
right,  includes  three  columns: 

o  array:  Read-only  column  with  eight  entries,  corresponding  to  the  eight  possible  phase  time 
intervals  in  the  phase  table  shown  on  page  108 
o  Field:  Allows  specification  of  a  voltage  or  current  value  for  that  specific  phase, 
o  Sim:  Allows  tagging  the  entry  as  Fixed  or  Variable  for  Simulation  Manager  use.  Only  the  rows 
tagged  as  Variable  in  this  window  are  affected  by  the  SwSimBC  variable  assignment  in  the 
SwitchBCs  window. 

Variable 

This  setting  is  used  for  Simulation  Manager.  A  Fixed  setting  (the  default)  uses  constant  Load  Values, 
which  are  not  changed  during  a  Simulation  Manager  run.  When  a  Load  Value  is  to  be  a  variable  modified 
by  a  Simulation  Manager  trajectory,  one  of  eight  SwSimBC  variables  can  be  used,  corresponding  to  the 
lines  in  the  SwitchSimBC  Simulation  Manager  setup  window. 

Only  the  rows  tagged  as  Variable  in  the  Edit  window  are  affected  by  this  variable  assignment. 
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4.4.3:  Simulation  Results  Window 


The  fluidic  simulation  results  window  allows  the  user  to  choose  windows  to  view  result  tables  and  mbif  file 
paths  used  during  the  computation. 


appears  when  Switch  Sim 
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fluidDomain 

Opens  window  (see  page  1 1 1)  to  display  table  of  fluid  results. 

splntegral  Table 

Opens  window  (see  page  1 1 1)  to  display  table  of  splntegral  results. 

splntegral  Graph 

Opens  window  (see  page  1 1 1)  to  display  graph  of  splntegral  results. 

fileArray 

Opens  window  (see  page  1 12)  to  display  directory  paths  of  all  saved  mbif  files. 

files 

Opens  window  (see  page  1 12)  to  display  directory  path  of  solution  results. 

Done 

Closes  window  and  returns  control  to  the  function  manager  window. 

File/Print 

Enables  printing  of  individual  window  results  to  a  single  file.  The  text  format  file  can  be  used  to  interface 
to  other  programs  such  as  Microsoft  Excel.  The  file  is  located  in  the  directory  from  which  the  software 
starts. 
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Fluid  Solution  Window 


This  fluidDomain  window  displays  the  results  from  the  SwitchSim  solver. 


fluidDomain 

Lists  the  type  of  velocity  for  the  solver  solution.  Maximum  velocity  as  well  as  the  individual  X,Y,  and  Z 
components  are  displayed. 

Maximum 

The  maximum  velocity  calculated  by  the  solver.  The  value  shown  is  an  absolute  value. 

Minimum 

The  minimum  velocity  calculated  by  the  solver.  The  sign  of  the  value  is  derived  from  the  normal  vector;  a 
minimum  value  can  represent  maximum  velocity.  If  the  value  in  this  column  represents  the  maximum 
velocity  for  the  model,  the  same  value  will  appear  in  the  Maximum  column. 

Close 

Closes  window  and  returns  control  to  the  hierarchical  Simulation  Results  window. 


Splntegral  Table  and  Graph  Solution  Windows 

These  windows  display  the  numerical  and  graphical  species  mass  results  from  the  simulation.  The  transient 
time  and  output  step  settings  for  the  table  and  graph  are  set  in  the  SwitchSim  Tool  window. 
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splntegral  Time 

This  column  and  abscissa  display  the  output  step  intervals  set  in  the  SwitchSim  Tool  window.  In  the  above 
example,  output  mbif  files  are  written  every  0.2  seconds,  and  the  mass  results  are  displayed. 

Mass 

This  column  and  ordinate  display  the  species  mass  in  the  carrier  fluid. 

Close 

Closes  window. 


Results  /  fileArray  window 

The  FileArray  window  lists  the  directory  paths  for  each  output  mbif  file  written  during  the  simulation.  The 
number  of  files  is  determined  by  the  output  time  step  length  and  total  transient  simulation  run  time,  as  set  in 
the  SwitchSim  Tool  window. 


Result  Files  Window 

This  Files  window  displays  the  path  to  the  result  mbif  file. 


112 


Section  5:  ReactSim 


5.1:  Introduction 

The  ReactSim  microfluidics  module  provides  3-D  numerical  modeling  of  multiple  chemical  reactions. 
These  potentially  competing  reactions  are  modeled  with  full  support  for  fluid  flow  coupling  between 
species  of  varying  densities,  diffusion  parameters,  and  electrokinetic  variations.  ReactSim  supports 
chemical  reactions  in  the  volume  of  the  fluid  and/or  on  surfaces. 

Applications  include  designing  microchambers  for  chemical  reactions  and  species  transport,  designing  the 
containment  of  reactions  in  processing  nodes,  making  detailed  quantitative  measurements  of  microchemical 
flows  to  calibrate  and  validate  simulations,  and  building  on-chip  bio-assays  for  genetic  diagnostics  or 
environmental  monitoring. 

5.2:  Tutorial 

This  simple  tutorial  deals  with  the  study  of  gas-liquid  catalytic  reactions  in  flat  plate  microchamber  reactor. 
In  this  reactor,  gas  and  liquid  reactants  are  brought  into  contact  through  a  porous  membrane.  A  catalyst 
deposited  in  the  opposite  wall  enables  the  reaction  between  species.  The  tutorial  shows  how  to  design  such 
a  channel  by  having  the  user  perform  parametric  studies  of  channel  dimensions,  the  reaction  rate  constants, 
and  the  diffusion  coefficients.  The  simple  reaction  chamber  is  shown  in  Figure  5-1.  Inlet,  outlet,  and  wall 
boundaries  are  used  for  species  introduction  and  transport. 


inlet 


outfci 


Figure  5-1  Initial  chamber  model  with  patches  identified 
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5.2.1:  Initialization 


Step  1  ti*.nce  a  new  project  directory 

User 

Rvp1*fwrtni 

a,  Scarl  CovenLor  ailnvani. 

h.  In  the  Projects  window  IHihI  opens.  srlccl  the 

Jmpi/jr  ir.'Ji  ij  .vji'.i  tcOIL. 

c.  In  the  window  opens,  wIl'lI  ifrartSSm. 

d.  aide  on  OK. 

c.  In  the  lYoJeas  (Ilh  Ii^  window,  arlect  lhr>  AnrfSto 
liin|i'i:l  diffiCtory. 
t,  <Ulck  on  Open. 

■  When  you  seled  the  tovirf.ttifl  dtredoiy,  iJm-  solniEie  copies  litis 

iBii  l-l’Lui  v  io  'yuw  work  All  il>.-  rilra  needed  ios  Um 

to Lo rial  arc  stated  in  Hits  directory,  and  Um-  scifLwRte  default  io 
die  HpjkOjKuale  dirwiirfies  wbmi  looking  fui  .i  file.  Fnc  delails  on 
file  orflRitiMUon,  ivki  iu  die  l;ile0rflpnlzailan  section  in  ilk* 
kefaBJKefiulde. 

■  The  Miftwiiie  dlhi  creates  a  default  sediitfts  1  iN-  named 
RmcSimjBfB, 

5.2.2:  View  MBIF 


In  this  section,  you  will  need  to  rename  two  patches  on  the  installed  channel. mbif  model  so  the  proper 
boundary  conditions  may  be  applied. 


Slop  2 ;  Sri  up  file  window 

User 

ExphiiLdioiL 

a.  In  the  function  nun Hger  window,  ri Irk  on  Ifir  Au^sfrlnb. 

b.  Set  your  input  Mesti  Hie  pariti  lo  Iht1  rhanw/wMinifl  in  ihr 

Red  Ct$iiuSi)t*tiC£&  1 1  Lied  . 

Ci  Click  on  View  MBIF 

■  You  need  lo  access  Um-  VlsuaJL«f  In  rename  paaelkf^  for 
die  hiriiulaiion. 
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Slc]j3;  View  MBIFlailu 

Lwr 

Expliiriiiliun 

a-  In  !hc  Vlsuallier  Control  pand  nu'nn  window.  die]!  mi  Star [ 
Vliitallzer 

to.  Set  the  display  Rir  a  nnmalLMd  isomrlrtr  dew  nslnj; 

]IJ|  »■'  *jy 

b  TJie  wall  ijuii  Ilo.  are  fwiamedl  so  l hey  can  br 
i L i %  1  i  1 1 pi i i 1  ■>. |  for  1  j:iiliiiLli,v  COIldldQll  SOLiip. 

b  See  1  .i|ui  i'  n  2  for  IdeulfflcfillQfi. 

£.  Willi  dir  middle  iiwKnr  b  in  ton .  dirk  an  Ihr  near  side  suifnn? 
iiamiMl  wait. 

d.  C liangc  Hie  name  to  bwnif;  dick  on  Update 
t.  Hide  the  top  Idle  patch 

f.  Middle  rlirk  on  Ihr  now  visible  lau  side  surlier  also  named 
wall. 

£■  Change  die  name  to  twall.  click  im  Update 

Is,  ('.licit  cni  Fife  at.  Ihr  top  of  the  Vlmallxer  window 

1-  From  rhe  pull  down  mrnu,  cl lek  on  Saw  .is 

j.  In  die  SaveAi  window  Hut  opens,  rlirk  on  Ihr 

button 

k.  In  llii1  litol  ji;ilii£  wimliwu  lliiil  i/pni^, 

nnvifptr  to  ywir  dlnrctot>,1 

l.  Nmur  rliriM'u  fito  rfizHirrlr./utuf, 4'lirk  cm  OK 

in.  Hark  in  ihr  Shw\^  wimkiw.  click  mi  Write  MBIF  File;, 
n.  In  die  Visualixer  ConboL  Panel  window,  click  on  Slop 

VI 5  L  Lilli  dp  r 

ft.  Oil.  mi  Dim.*-  in  Ihr  Midrl  Into  wirnli  \vi . 

b  You  have  pr-:ivl*hsl  new  nnmes  to  die  former  wall 
pal:  be,  ami  uvnI  ih*  work  In  a  now  mbif  file-. 
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inlel 


y -  IWEjII 

bWiJ.ll - f  ’^"'^OUlkL 

Figure  5-2  New  patch  Names  for  channelr.mbif  File 


Step  i\  Set  up  ami  review  EeafrrSJm  parameterE 

User 

Explanation 

a-  From  Itu-  Analyse.  tali,  change  Ihr  Jflymf  AfesA  Elk  Elclil  n>  ihc 
^iiBek»WrHle  yaujusl  crualed. 
ih.  ClrdS  Bl!  (jirVIlW  MB1F  imu. 

C.  From  i  In?  Mode]  Inlii  wLtiiIciw,  dick  on  names,  iirwl  review 

She  window. 

d.  OrV  mi  OK. 

e.  f  lick  ran  vduineMahrlals 

f.  OcY  mi  Nfl'/T^annl  vitiI'v  llir  liulnul  piiiipirrlH^h  for  wali'r 

shown  in  due  rdlL  KialcrJal  window. 

£■  Click  on  Close  in  thn-  Edit  Mucriil  window  *nd  t m  OK  in 
dkc  volLnucMalurfealb-  window, 
h.  CM  mi  palctiev 

1-  Hfrview  the  llsling  ii[5?lmi  Ibe  dagrem  if*iw-n  in  l  iu.i iri* 

■  1  In-w  windows  arr  iirirlinroj.i-il  fnmi  Ihiiir  In  Uil1  inilial 
McmCLI)  tilorlal,  with  IbfH'KceplHm  i>r  Ibr-  new  palch 
names. 

p.  aids  mi  Close. 

k.  Ode  mi  Done  lr  die  Model,  .Inlowlndow, 

116 


niA  iip. 41 

WllVTKf.'bKfUS- 

tafcrtal 

N 1 1  ■:  1 1  a  n  p^  1  1  | 

itoaiW  -  WiJEH  — H 

un 

tana  | 

I' 

FhHW.tW 


■E 


h±‘-Tj  t  M 1 1 L431  L3  j  L  Yl"  ti?  I  ULha'jJ1-]  jL  [•JlIL'Ti'i^LIIlI 


uikvnifJilHiMbi 


I 

^■TTT 

t\ 

't’-ak  j 

^Ullll 

pKl:  Chitm  ris  j 

^Nhdi:Ni 

W 

1  cH 

1  r  k-s-|  t  LP 1  n'7|  J 

|^Lirv^uYU^L  Jui 

- 

■.i.LLi.rjJlL-Uld 

^nMinjVrVj  j 

[jLirrJ.aH.-'dLd-ai 

- 

UJJILU>j>  LU.l 

|n:  n«i  | 

^[rr^HF-iCal-JI 

- 

.  e  [■:■  j]  1  c-.  [«:m 

|llM  TldhjLIFtj.fl«'"JT#<J  | 

l^rrvjMr  Sr?J.ii 

- 

i-jh-iiyiVi.  iy«; 

^IJLIkIIWJ  ►  j-l-J  +.■  jh.;  | 

^rrL'j.-dr  Srrl.ii 

jj 

i.-kiiwiHrm:-: 

p>n>LH»jr:-.uni  | 

^:iiEd:ri  Xi.tHi 

▼ 

UUIIHko-IIE-' 

^Urbvk-k-  | 

^ur.-Vxl.  YLihi 

T 

LlUILWy-W 

klrrjvit|h>H-|'uTuT|  j 

kLirrtuA-^Li*ji 

- 

'.LIUHI^LVJ 

klhrifjiirtHi 

LcnttHEji-oiar 

- 

UK 

<|[50  | 

LHIB1 


miiKi 

niirfiviH 

U.kHHilVPh 

IVbil-m.lilH 

clunirLl 

HUM 

OK 

I  fjvuil 

m 


p.ki:kKH 

1  UfllHIHh 

:iniifl:lii 

ihiIhH.iih 

1  II  MhlUM  JHI 

1 VH  1  ipii:illHI 

p.llilHdMM 

I 

|Hk:li  II 

Ml 

1  H>W  111 

i:Ihiih 

1JII  lull  lull 

Mih-riii:-1  i.^hin; 

Mil 1 

pafchl 

40 

Lrjlf  ]_1_1 

ChXlTK 

DJD  -■.[■]  ELM 

^Mi  DIS  JjMd.  ]W 

r.val 

fwlrh  "i 

|Hk:li  h 

Ij'i 

1  .TpTT  1  1  1 

rhNiiw 

■l rii  ■  nn  nm 

kiiii.riii;  i-dir.ini 

•““i 

Ml 

1  :-i>x  111 

i:Ihiih 

1JII  IUII  IUII 

mii.kiid-  i./^hiii:.' 

Mill! 

5.2.3:  ReactSim 


Use  ReactSim,  to  set  up  the  parameters  for  channel  analysis. 


Step  5:  Sot  up  KoarlSim  Model  window 

User 

Explaiuttao 

a.  In  die  Analysis  window,  select  Miffoflubiks  frihrn 

llkT-  {  \tffgtH  y  llllll  lIlllMI  111-  INI. 

b.  Selecl  RpafitUm  frinii  ita  fy^|*jll  daws  mum. 

c.  lIil-  f'JteajiioB  Mmie  co  fttfwactivt. 

d.  l.avflii-  :i 1  hJ  1 1  r i ■  j  1 1 iLiiuCEQiy  Id  your  ttwlii.ViiLtfuirtlh/fh  |j*idi 

In  7.r<ni'  IlnL  MHN'1i:inii^il  1  mu  ill\  Niiini1-  il  rx  rr.'.n  }. 

f.  tl-Jlf-Jc  lhi  Solver  Selup. 

_  l  hi:-,  Mil  1:1  i'mI  list1-:-,  Mir  nilii  1  llh:  yim  I'nvalril  in  tlir  finJ 
MmiLl  i  !'  lull  iriiil. 
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Step  <i;  Set  up  Re«tS3i  Tod  window 

User 

Explanation 

a.  the  BeadSIm  Tool  window  for  .Steady  s-lalowllh  a 
harMte  TimtiSlfip. 

b.  fora  JJJ analysis  ntlngj  Canlpf  * Jsprelos  sell ini;. 

c.  VI  the  o.'  1 1 1 .h  ill Jiijjj  fu'lih  as  bJiown. 
it  dirt  on  Next 

■  The  window  issjh  fix  Iraasport  oJa£arrl«  fluil  t 

1 1 1 ■  l  Li; in  for  i  Q^iCLioni,  iflili  lliiid  s|Il'lu?i  a:-.  [lie  IMdLoil 
product. 

SlL*]j  7 ;  Stl  up  Mini  review  Ri'aclSim  Spates  pannndcfs 

Isrr 

ExplaiiuEioiL 

n,  l-'ioim  [In1  licaaMJii  BC&  window,  dick  dm  Sprcics 
lb.  Sd  rlic  hircii'bixiivlllUiiii  as  Uiov.n  In  Urn  window, 
c.  Click  on  OK 

-  Vbu  m\  i^ltil^llk-  | i ;i i  ; i i j i i •  1  i. -c fui  Uii:  JipDClK 
iledaml  in  llir  Tixil  vi  lmlim, 

-  The  species  prod  lid  requires  only  j.  DiERisJon  selling. 
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Step  D:  Ser  up  and  m  lew  E^iwlSiiti  &urfara  hountUcv  caiwHlJaiii 

User 

Exptlfiallan 

J.  I  'm  in  Mil-  h!ii;ictSi]ii  IM  xvimlcivh,  i  lii  \  mi  Surface RTa. 
fa.  Sr-I  ii  IfajWI-'ijt'l  vfH1 1'itc  Ihc  |kiEi  Iii^  JPti.W/,  I'.'iVrJ.'j' Mim1  llir  /n 
dr^ilfllHIil). 

£.  Sr-I  ;i  Jf"  L+'/irt-vV)- l-'i VI  ypn1  !<■■  llir  |wli'li  v-\  ;i  seuIhi  v-iilnr 

aF  ££. 

*1.  SH  :i  Sfirkrtv  tfx/t  l,'is'liy|5P-  l-:n  rlnL  |i;ildi  ItuuiJ,  ;il:-.i:-  ,.ilf  ;i 
iiwti  LaariValur  mid  h  Rxat  Ki'in  llon  type  varialiin. 
e.  i  ilicV  imOK  :  ii  III-  ■  ^iirfiirr  1 1C  is  vi  ini  lnv. 

■  2  «iltf5  dimngli  ilio  tniuidanv  Spectre.  ] 

rnrtmi  Ihnm^h  Ihe  ink'l  *vHti  Ihr  jpwifled  ^rhurily,  ami 
dm  reaction  Je  set  to  ocrur  jrf  flue  bottom  Anatf  Tfce 

K  due  dons  whuhiw  defines  the  ftxai  viflHbJG. 
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Step  ft;  Set  up  and  mdrw  Rcad-Sim  spr  cic*  surface  Ijcmndiiry  iuiidiEkmv 

User 

Expl^iuljun 

a-  Ock  nii  speti* sSurfBCs 

t>.  Species  Mo  Ihi-  Mvpalch  mid  a  l.radVadueof  Q.i. 

c.  Species  £lo  the  rtffltfpalcb  Hnd  a  1  .cadent  of  0. 1. 

4.  Oc  k  on  OK  Lii  ih*  spedesSurfECs  window. 

■  CoJlCCIlIrBliOJl  vali «S  areaSkjRflGd. 

Stfp  1ft:  Sftt  up  ami  ipvJpiw  Read  Sim  reaction  parameters 

User 

Explanation 

j_  Clrdi  on  R-eaotirtns. 

'll.  Si  -1  ;i  .lwjrJS«¥jrMi(  liini  with  a  ii'jKliiiri  inlecil  2.5rtl'i. 

C.  Sri  llii1  SpiMirs  rnHliririil:-.  ;is  '.Mur.  n 

d.  t'.YizV  mi  OK  in  lliLL^|in'(  ii,%SiiiNIE;%  vrimlmv. 

e.  4  IliiH'k  Ihi!  y]lnirM!hHI\,  sptirjggVlilHE^  ;i 1 1 il  liri  ii\ini  l\ 
windows  to  be  turn  they  are  inactive. 

f.  In  1  In1  liirmn  hii  ;il  Wirclinv ,  rlirk  {in  Simulate1. 

■  Yotiarr  drllnlr^  the  parumetws  ibr  ttiB  reaction 
variable  iVv.'-'j  i  Mill  yon  pievlMisJy  assigned  I'licllio 
Surface.  Rxtf  biHimiary  condition 
-  The  Crx-llirlcfils  (AJ1.C.IJ)  are  used  In  IbccqualwriTiA 

4  mil  p£!  i  qD.  Tbe reKlflUs  musl  be  Dqpilve 
numbers,  while  Ihf  product  mnsl  be  positive. 
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istE-p  IE:  View  the  Head  Sim  table  results- 

User 

explanation 

jl  hi  Mu-  SiiiniLaiuirt  Results  window  did:  mi  fliiLdDojnaLn  eg 
view  the  slnmlFUicm  irsiilft, 

h.  QEdc  on  Close. 

-  The  window  lists  the  maximum  nnd  minimum 
veladLira  in  ttie  X.Y.and  ZdirrrliM  l'w  [in’ssurr 
thriven  flows 
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Slqj  1Z;  Start  the  Vhmalixrr 

User 

Explanation 

&-  From  tin’  VfciMliwr  Central  Panel  menu  har  window,  dirk 
cm  Store  Vlmallzer, 

lb.  Sel  the  IsoiiLflrLt  View  orientation  a  ml  Nflirralia:  Ihe- 
view. 

£,  Ork  nn  Volume  Visualization  (E  ic-wil  abi^thelop  of 

llu-  Vtotlflfifflf  ‘i  ■.  i  r  k  1  >_i  ".h . 

tl.  I  ’rom  the  Ybuillwr  niriiu  Iwr.  dick  cm  S-'-dft  >  Edit  MHfl 

i.  CJIck  mi  Active  fields, 

L  Check  Ike  Mass  i'mrticm  iF  \  fois  Fmctloa  2.  anil  Mass 

Fiatfk w  J  fields. 

e  Update  Find  Close  Ifor  window, 
h.  In  [hi]  Vittiallster  Lefl  panel,  allenulety  selecl  Mims  Fraction 
t,  Mmb  Fraction  and  Man  Ffwifoti  jf. 

L  VH".v  Ihif-  r-r^ukv.  tw  1  Ipm  e  5  3 

j.  When  flubbed,  Slop  Vivualifer 

k.  CIL«*  on  Oonc  lo  claw-  Ihr  filnrarchdcal  insults  window. 

■  The  simulation  is  fora  ubtimhi  irf  nvo  species,  while 
llu-  |.o>.iil>. il  l  ih  lIil*  lliii-.l  v 1 1 1 ■  r i i. .  :-i |>. v  i I ■  i,  ]  i:,  dbulltpd  in 
walar  and  enters  through  ilu-  iulri.  Sp^ii'i.  2  oiiircs  by 
iLifLii/.iuii  Ihm  some  oilier  iiiccbaiiEsnO  ilicuu^k  iIh- 
fXui^is  lop  wall,  where  iL  lias  the  maximum 
eon  centra  Hon  ofll.l.  fbe  rcaciiiiri  occurs  ai  ilu-  kornmi 
wall,  where  (here  is  a  calalysl  v*  hi  e  he  Buses  ilw- 
ceflcdotfis  lo  occur.  If  you  kink  m  iJir  coficealratloii 
profile  ofS|raies  2  ii  i:-.  maximum  al  du  io|i  iwaJI  ami 
oiininwoi  ;it  [he  bwiom  bwaLJ.  Also.  iJimi-  will  tie  ;i 
CLLhldiiXi  ill  SfJLdftS  2  i  ii[imllMlii»i  moving 
downstream  wiili  11k  flow  [and  likewise  for  Species  ]  | 
while  Species  3  (Ibe  protkicl  of  llte  macliH,  mad 

M'ln  usl  as  Scalar  1J  will  iKraase  In  cncenlniUH 

1 1 1 1 i  1 1 p,  iluhS  mCM'dil j. 

Figure  5-3  Species  movement  through  the  channel 


5.2.4:  ReactSim  Preparation  for  SimMan 


In  this  next  sequence,  you  will  investigate  the  effect  of  varying  the  diffusivity  of  the  species  in  transport  by 
using  the  Simulation  Manager.  In  preparation,  you’ll  need  to  change  the  boundary  conditions  to  include  a 
variable  which  can  be  assigned  and  for  which  a  trajectory  can  be  applied.  While  the  ReactSim  Model  and 
Tool  windows  also  must  be  con- figured,  they  should  already  be  set  if  you  are  completing  this  tutorial 
sequentially. 
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Ste^i  1 3:  Set  up  ami  c^w  ReartShn  parameters 

User 

Explanation 

a.  In  rlu'  Analysis  window.  diekim  1  In-  Sulvcr  Setup  hnllan. 

b.  Click  cm  Next  In  llir  Tool  wmriiw 

c.  I  ron  1 1  In1  lic-HaSUM  1  K'.i  v,  \  mlaw  lhal  Ap\mn,  click  on 
Spcdrs 

4.  On  Ibr  DlETuslon  line  for  Speck's  1  .i  lidi^o  Ifw  Vnry  1 
ujImOmL  1  Kill  1  ^’ahm/Lci  Rs  BCl. 

e.  a  Lei  cm  OK. 

f.  <IJIc  k  on  Gaud  1  n  [ho  HeadSl in  BCs  window. 

■  You  iff:  ii  Kiditvifin  die  Jiffiiii  vii'r  for  SiniMadi,  and  will 
use  [In.-  SifiXf  kHHiiitf  n !L  a  tra|KlQry  iKfemeniad  vn\m\ 

-  Vbu  iiwd  to  Cuue/wiun  flnlslied  tarn u  Simula  lion 
control  Is  iJii  cm[jjJi  [  1 1 l*  SimidalJofi  Maugp[.  However, 
yum  salines  are  Mill  s.w fd. 
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5.2.5:  SimMan 


The  remainder  of  the  setup  uses  SimMan. 


Step  1-1 :  Set  up  SimMan  Model  window 

User 

Explanation 

a.  In  ihr  Arwl>m  window.  sdrrl  5ftnwtodm?  ftrori  Iho 

Grogan’  pul  1  dawn  menu. 
h,  Sol  i'd  SimMan  trawii  Ihc-  IjprpnU  dawn  nn'nn 

Sr-i  i  In-  frtfittf  \frsft  filr  path  lo  ihc  same-  n^aiw]ffj:wfrjyiilr 
vim  have  been  iidrag. 

1  fol  the  Execution  XUkJt  w  IrUsfscthv. 
t,  Creatr  *  solulLcms.  dim:  lory  in  dir  Kw tSim/Sah rt piln  io 
hlon-  the  Eotvef  rfsiiilLi.  Nhhic  fl  .m  nmt. 
f.  Clide  cm  Solver  Setup 

■  11m solver  uses  tlijs-v.imlow for jifiIIi  iidornulHin. 
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Step  15;  StL  up  SdniMin  Tool  window 

L'srr 

Explanation 

a-  In  flieSfmMan  Tbofl  window  set  ihr  y^lvrr  to  Wrwr.S'Aw 

lb.  CILcJi  on  Noxl 

■  The  SiitmJ.iliixi  MhiLj^n  USffl!  Kr.u  lSiiti  ki  compulfi 
utoUan  for  Lho  tnjeetory  sequence  char  will  be  nm. 

SlL1]?  16;  StE  Ltic  SiniMau  Lrajeclory 

L’srr 

Explanation 

a.  In  Uir  M  iii  S  Im  ii  BCs  SHidngi. jndmv  lhal  opens.  dirk  on  the 
trajectory  hiidoii 

b.  Set  the  It  Tnajecfoiy  Type  to  Delia. 

c.  Clbclc  on  Edfil. 

d.  In  (he  Edll  DgIIh  window,  srl  Ihff  Inc  re  roc  nil  wJimb  hi.  sfiiwn 
below. 

e.  CILct  on  OK. 

f.  In  die  lalid  column  for  tl ,  delete  "I  I '  mil  type  "  Diffusion." 
j§,  Click  on  OK. 

-  The  iJiffiL--.i-.il j  Is  YMial  Hroni  5IKJIJ  1o  ^^IKJINn  n  stept 

■  You're  setliiijj  die  vibes  so  itn-  SEjiubtioik  Mdimfr-r 
runs  n  seta  of  codiifnjiBliix&. 

■  The  J  .Bluff  column  places  a  user  ik-lim-d  tahel  as  ilx- 
abscissa  diiimuiwm. 

Step  17:  AesL^ji  the  KcictSivn  variable 

User 

Explanation 

a.  Click  uii  du  rsSiinHCs  hullou. 
h.  Set  the  kS  fcit'l  line  najefiiwy  io  fJ. 

c.  Cl  Eel  on  OK. 

d.  ClLcftc  on  Simulate 

_  rin-  n  liupvliyrY  \.\  ;i:-L\iuim,il  In  llir  ^.V  fff.l  viirublr 

tagged  in  tbc  ,S|iccirs.  window. Thr  simulation  atarls. 

When  finished.  ;i  SimulnlJon  Krsiills  window  appears 
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Slqj  ltf;  Virw  liw  SLniM;i]i  mulls 

Iscr 

Explinalion 

■  Click  mi  Velocity  Tabic  to  view  chc  sLiiuiJalian  results. 

■  Vlh'i.1,  i  1  u."  results. 

ill  CtosG  Mu1  windows. 

■  The  e.iIiJi1  sliaws  1 1 1 1 *  five  ui|ecHJfy  }J\u\^,  with 
i  in  ii'ii^iu^  5uau  Increments.  ‘L  ine  vokicily  itaesnol 
i  lLLH|J|i!,^a  1  in irliixi  of  -:lLI Tiiiimi. 
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Six1]?  19;  Start  iht  Vnuilinr  i  review  results 

Lwr 

Explanation 

a-  From  the  Ytnaltzer  Central  Farid  menu  bar  vkdnd ow.  dirk 
cm  Sliirt  VisuJi  liier 

It.  Cl  Lei  on  Visualize  List. 

c.  Clki  on  (lie  IwiitLl  rtv  View  bndoii. 

<1.  Ode  nn  Volume  Visualization 

c,  Review  ilk1  Mats  fracrfui  J5  iWass  flwtftan  i1.  nrnl  ScaAar  J 

KS  llllS. 

f.  Snip  Vlsurflzer. 

j$  In  rlic  hI in*. ildlluii  results  window,  elicit,  on  Done 

—  TJic  eampfclo  nBlra  aF&sieps  tin  ejeh  af  die  lluw 
lAiuiiJr'in  views  is  sfcown  in,  Flgutt  5  1. 
b  Vmu'h1  fiulslied  hvidi  [lih  luUsfiaLsflflibeni. 

Mass  I  raminn  1 


Maag  I  radian  ? 


Scalar  1  produri 


- „ 

Dirufitan  =KMB 

Delusion  =  10000 

Df  fusion  =  lbOOO 

- 

ftllusron  =  20000 

^ - ^ 

^ ^ 

Dirusion  =  ZbOOO 

'  L  ■■  i  i 

t  .  ..■■■.  .•  _  .  BB 

r-  B  "" M 

%  ■.  ..  .  .1  -J 

Figure  5-4  Mass  Fraction  and  Scalar  Results  as  a  Function  of  Diffusion 
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5.3:  Reference 


This  section  explains  the  ReactSim  windows  and  the  setting  options  available.  The  window  map  in  Figure 
5-5  is  an  overview  of  the  ReactSim  solver  flow. 
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5.3.1:  Tool  Window 


The  Tool  window  allows  the  user  to  set  parameters  for  running  the  ReactSim  solver.  Most  of  the 
information  in  the  tool  window  provides  the  instructions  to  ReactSim.  For  fluidics,  an  important  setting 
illustrated  in  the  tutorials  is  the  choice  of  solving  as  a  2-D,  2-D-axisymmetric,  or  3-D  problem. 


t 


t 


|^l  rtl  l^iriivJE 

E3 

NiiUiin  liitainix 

D.D1 

FksUiuLTNemikc: 

mil 

ll|F.-.ndi  hd  iiiiIh^ 

PxH 3 k-tI kn 1 1 [■  Detail. 1  Safcsli: 

Mil 

Mirra  ryJJ5:iMb;: 

1 

■:ih  |  'ijHimi 

J 

Controls/Method 

The  Navier-Stokes  equations  used  in  the  ReactSim  solvers  are  non-linear  and  require  an  iterative  approach 
to  solving  problems.  The  solvers  adjust  a  variety  of  variables  as  part  of  the  solution  method,  allowing  them 
to  solve  both  straightforward  problems  with  single  solutions,  as  well  as  more  complex  problems  with 
multiple  local  minimum  or  maximum  values. 

o  Coupled:  The  coupled  solver  is  the  default  choice  for  ReactSim.  This  iterative  solver  is 
recommended  for  most  problems,  and  can  handle  steady  state  and  transient  flows. 

o  Segregated:  The  segregated  solver  solves  each  degree  of  freedom  in  the  problem  separately  and 
consecutively.  Thus,  the  three  momentum  equations  for  flow  in  the  X,  Y,  and  Z  directions  and  the 
pressure  and  energy  equations  are  each  solved  separately.  This  approach  uses  less  system  memory 
at  the  expense  of  a  longer  solution  time.  It  is  recommended  for  problems  containing  more  than 
2500  elements. 

Controls/Advanced  Controls 

Several  different  tolerances  may  be  set  depending  on  the  non-linearity  of  the  ReactSim  flow  problem. 

O  Solution  Tolerance:  This  parameter  is  used  to  set  the  convergence  criteria  for  the  solution  vector. 
It  is  defined  as  the  norm  of  the  change  in  the  solution  vector.  For  the  coupled  solvers  the  residual 
tolerance  is  also  checked  to  determine  convergence.  For  large  problems,  the  default  value  of  0.01 
will  ensure  a  solution  in  a  reasonable  time.  For  smaller  problems  this  value  may  be  decreased  even 
further. 
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o  Residual  Tolerance:  The  residual  tolerance  sets  the  convergence  criterion  for  the  norm  of  the 
residual  force  vector.  The  change  in  the  force  vector  needs  to  be  below  this  number  for 
convergence. 

o  Up  winding:  The  up  winding  parameter  controls  the  addition  of  streamwise  up  winding  (tensor 

diffusion)  to  the  various  equations.  The  additional  diffusion  is  generally  useful  in  stabilizing  the 
solution  and  preventing  over/undershoots  in  time  integration.  The  value  of  the  upwinding 
parameter  can  be  0,  1,  or  2.  A  value  of  0  specifies  no  upwinding,  a  value  of  1  switches  upwinding 
on,  and  a  value  of  2  is  first  order. 

o  Relaxation:  Specifies  relaxation  factors  for  the  degrees  of  freedom  in  the  system.  The  value  of  0 
is  the  default  relaxation  setting  and  is  recommended  for  most  solutions.  The  value  of  1  is  a  more 
conservative  setting,  recommended  for  more  difficult  solutions  such  as  a  high  Reynolds  number  or 
a  high  Peclet  number.  The  value  of  2  is  the  most  conservative  and  is  recommended  for  solutions 
that  diverge  when  using  the  first  two  options.  Optimal  values  are  problem-dependent,  and  can  be 
derived  only  by  trial  and  error. 

o  Memory  Use:  The  default  setting  is  -1,  which  allows  the  software  to  allocate  memory  as  required. 
For  large  3-D  problems,  or  to  avoid  unnecessary  swapping,  the  user  should  set  this  value  if  the  job 
is  much  bigger  than  the  RAM  memory.  A  suggested  range  is  2/3  to  4/5  of  actual  RAM. 


T  ransients/ Analysis 

o  Steady:  Performs  a  steady  state,  or  time-independent,  analysis.  The  solver  will  try  and  converge  to 
an  answer  within  the  number  of  steps  given  in  the  Edit  window  Maxlncrement  setting, 
o  Transient:  This  setting  sets  up  the  transient  simulation.  Five  time  steps  are  set: 

Start:  Time  to  start  simulation. 

Delta_T:  Time  interval  for  simulation.  It  should  be  set  to  a  very  small  number,  about  le-6  times 
the  Stop  value  if  variable  time  step  is  used. 

Stop:  Time  to  stop  simulation. 

DTMax:  When  TimeStep  is  set  to  Variable,  sets  the  maximum  range  for  the  time  step.  If  set  to  0, 
it  is  ignored.  It  should  be  set  to  0,  except  for  complex  problems,  where  it  should  be  set  to  1/100  of 
the  total  simulation  time  (0.01*  (Stop  -  Start)). 

Output:  Specify  time  increments  at  which  the  mbif  files  are  written.  For  example,  a  setting  of  0.2 
writes  an  mbif  file  every  0.2  seconds  for  the  duration  of  the  simulation. 

Transients/TimeStep 

This  controls  the  time  step  of  the  overall  transient  analysis. 

o  Variable:  This  time  stepping  control  default  value  is  the  optimal  setting.  The  solver  determines 
the  time  step  value  at  any  given  point  in  the  solution.  With  a  variable  setting,  the  solver  can  use 
small  time  steps  at  the  beginning  of  the  problem,  and  larger  steps  near  the  end  when  the  solution  is 
nearly  complete. 

o  Fixed:  This  time  step  is  used  for  special  problems.  An  example  is  when  the  solver  would  increase 
the  timestep  in  the  variable  mode  with  steps  that  are  larger  than  the  time  in  which  the  effects  that 
are  studied  occur.  In  highly  viscous  flows  the  actual  startup  effects  of  the  flow  might  be  skipped. 

T  r  ansients/T  oler  ance 

Tolerance  allows  the  specification  of  the  local  truncation  error  (convergence)  within  each  time  step  in  the 
transient  analysis.  In  general,  the  solver  iterates  to  this  convergence  limit  at  each  time  step  before 
continuing.  Examining  the  mass  conservation  plot  at  the  end  of  a  transient  simulation  may  check  the 
accuracy  of  the  solution.  Depending  on  the  mass  conservation  plot  results,  the  Tolerance  value  may  be 
decreased  from  the  default  setting  of  0.001. 
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Analysis  Settings/Tool  name 

o  FEMTool:  The  FEMTool  uses  the  Fidap  solver.  Fidap  uses  parabolic  finite  elements,  and  is  more 
accurate  for  coarse  meshes. 

Analysis  Settings/Species 

Refers  to  the  total  number  of  components  present  in  the  flow.  ReactSim  supports  up  to  4  additional  reaction 
species  in  addition  to  the  carrier  fluid.  Choices  are  Carrier+2,  Carrier+3,  or  Carrier+4. 

Analysis  Settings/Dimension 

o  3D:  Tells  the  solver  to  run  a  three  dimensional  solution  with  dimensions  X,Y,  and  Z. 
o  2D-Axi:  Allows  the  user  to  run  a  two  dimensional  axi-symmetric  solution.  The  model  has  to  be 
generated  in  the  XY-plane  and  should  be  1  element  thick  in  the  Z  direction.  The  X-axis  is  the  axis 
of  symmetry  and  the  Y-axis  is  the  radial  coordinate, 
o  2D:  allows  the  user  to  run  a  two  dimensional  solution.  The  model  has  to  be  generated  in  the  XY- 
plane  and  should  be  1  element  thick  in  the  Z  direction.  No  boundary  conditions  may  be  applied  to 
surfaces  which  lie  in  this  X-Y  plane. 

Analysis  Settings/Analysis 

Sets  the  type  of  analysis  to  be  performed,  depending  on  the  concentration  of  the  fluid.  Dilute  and  Non- 
Dilute  are  the  choices. 

OK 

Applies  changes  to  the  window,  but  does  not  continue  with  ReactSim.  Control  returns  to  the  Analysis  tab 
window. 

Cancel 

Does  not  apply  changes  to  the  window.  Control  returns  to  the  Analysis  tab  window. 

Next 

Applies  changes  to  the  window;  opens  the  ReactSim  boundary  conditions  window. 
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5.3.2:  ReactSim  Boundary  Conditions  Window 


The  ReactSim  BCs  hierarchical  boundary  conditions  menu  window  allows  user  to  choose  windows  to 
specify  load  conditions  for  the  ReactSim  fluidic  solver. 


SurfaceBCs 

Opens  window  (see  page  132)  to  set  surface  boundary  conditions,  such  as  velocity  and  pressure. 

VolumeBCs 

Opens  window  (see  page  136)  to  set  boundary  conditions  that  affect  an  entire  volume,  such  as  temperature 
conditions. 

Species 

Opens  a  window  to  specify  species  characteristics. 

speciesSurfBCs 

Opens  window  (see  page  140)  to  set  species  surface  boundary  conditions. 

species  VolBCs 

Opens  window  to  set  species  volume  boundary  conditions. 

transients 

Opens  window  to  set  conditions  for  transient  calculations. 

Reactions 

Opens  window  to  set  conditions  for  the  reaction. 
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Back 


Closes  the  ReactSim  BCs  window,  and  returns  to  the  ReactSim  Tool  window. 

Cancel 

Does  not  proceed  with  ReactSim  solver;  returns  to  Analysis  tab  window. 

Simulate 

Launches  ReactSim  solver. 


Surface  Boundary  Conditions  Window 

The  SurfaceBCs  window  sets  patch  surface  boundary  conditions.  Fix  types  and  load  conditions  for  these 
surfaces  can  be  specified  in  eight  sets  within  this  window.  When  setting  up  conditions,  the  LoadValue 
button  needs  to  correspond  to  the  appropriate  boundary  condition.  Not  all  combinations  of  boundary 
conditions  and  LoadValues  are  possible. 
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SurfaceBCs 

This  display-only  column  allows  the  user  to  define  up  to  eight  boundary  condition  sets  for  the  model. 

Fix  Type 

Enables  pull-down  menu  with  many  load  type  choices: 

o  Wall:  This  represents  a  “no  slip”  (zero  velocity)  boundary  condition  at  the  selected  patches.  The 
no-slip  boundary  condition  is  an  assumption  that  is  made  in  Newtonian  Fluids.  No  LoadValue  is 
applied. 

o  Velocity:  Velocity  is  set  at  a  patch.  The  specification  is  in  the  form  of  a  quadratic  polynomial  in 
all  three  directions.  For  each  velocity  component,  a  separate  polynomial  can  be  provided.  Use  with 
Velocity  Load- Value. 
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o  X-Velocity:  This  option  specifies  the  X-component  of  velocity  to  uniform  value.  The  option  is 
very  useful  when  applying  symmetric  boundary  conditions  for  which  the  velocity  perpendicular  to 
the  axis  of  symmetry  is  0.  A  Scalar  LoadValue  is  used. 

o  Y-Velocity:  This  option  specifies  the  Y-component  of  velocity  to  uniform  value.  The  option  is 
very  useful  when  applying  symmetric  boundary  conditions  for  which  the  velocity  perpendicular  to 
the  axis  of  symmetry  is  0.  A  Scalar  LoadValue  is  used. 

o  Z-Velocity:  This  option  specifies  the  Z-component  of  velocity  to  uniform  value.  The  option  is 
very  useful  when  applying  symmetric  boundary  conditions  for  which  the  velocity  perpendicular  to 
the  axis  of  symmetry  is  0.  A  Scalar  LoadValue  is  used. 

o  Pressure:  A  constant  pressure  on  the  selected  patch  is  specified.  The  pressure  is  input  as  a  normal 
stress  to  the  computation.  A  Scalar  LoadValue  is  used. 

o  Symmetry:  The  selected  patch  is  a  plane  of  symmetry  —  all  fluxes  normal  to  this  plane  are  zero, 
as  is  the  normal  velocity  component.  It  is  important  that  the  problem  is  symmetrical  and  not  just 
the  geometry.  In  general,  it  is  more  efficient  to  use  the  X-,  Y-,  and  Z- Velocity  settings  to  apply 
symmetry  if  the  plane  is  parallel  to  any  of  the  axis  planes.  No  LoadValue  is  applied. 

o  MassFlux:  A  Vector  LoadValue  is  used. 

o  FlowRate:  The  flow  rate  follows  the  sign  convention  of  all  boundary  conditions.  A  positive  flow 
rate  is  along  the  normal  of  the  selected  patch.  Because  the  normal  always  points  to  the  volume  in 
Coventor  software,  the  FlowRate  is  into  the  patch  when  a  positive  value  is  specified.  A  Scalar 
LoadValue  is  used. 

o  Temperature:  Applies  a  constant  temperature  on  the  selected  patch.  A  Scalar  LoadValue  is  used. 
Units  are  in  Kelvin. 

o  Voltage:  This  boundary  condition  applies  a  constant  potential  on  the  specified  patch.  Note  that  a 
potential  difference  must  be  specified;  therefore,  two  Voltage  BC  specifications  are  required.  A 
Scalar  LoadValue  is  used. 

o  Current:  This  boundary  condition  applies  a  current  through  the  specified  patch.  A  Scalar 
LoadValue  is  used. 

o  Wall  Effects:  This  boundary  condition  allows  the  specification  of  electroosmotic  effects  in  the 
flow.  EOMobility  and  Slip  LoadValues  can  be  used. 

o  Surface_Rxn:  Sets  the  surface  at  which  the  reaction  occurs.  The  Reaction  LoadValue  is  applied 
(with  no  value).  A  reaction  variable  can  be  assigned  on  this  line  and  defined  in  the  Reactions 
window. 

Patchl,2,3r 

Choose  from  any  of  the  patch  names  previously  set  up. 

Load  Value 

Choose  from  several  load  types.  Each  type  uses  a  different  edit  window;  the  entire  set  of  edit  windows  is 

shown  as  part  of  the  LoadValue  explanation. 

o  Scalar:  one-dimensional  quantity,  such  as  pressure  load  or  temperature. 

O  Vector:  Used  with  the  Velocity  FixType.  This  defines  a  uniform  velocity  profile  in  the  direction 
of  the  x,  y,  or  z  vector  specified  on  the  selected  patch. 
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O  Velocity:  Used  with  the  Velocity  FixType.  This  is  a  quadratic,  linear  or  constant  polynomial  in  all 
three  directions  for  the  velocity  on  the  selected  patch.  For  each  velocity  U  x  ,  U  y  ,  and  U  z  a 
separate  polynomial  can  be  given.  For  example,  Pouiselle  Flow  in  a  pipe  yields  the  following 
profile: 
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wlbera  Cl S  a  omslajit  and  f.j  Is  Mb*  pljse  radlm. 
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Slip:  Used  with  the  Wall  Effects  FixType.  The  Mean  Free  Path  and  the  MAC  (Momentum  Accommodation 
Coefficient)  are  used  in  the  slip  equation  to  study  wall  effects  in  microchannels. 
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The  slip  velocity  al  the  wall  can  he  expressed  as  follows: 

StipVelociij  nh\T-^-  | 

-  Si*  waii 

wlb*re  Ij'Is  thp  velndfy,  o  Is  the  dlrretlcui  normal  To  rh*  veindly,  <r  Is  the  streamwls*  momentum  acMsmmo 
datioii.  expressed  as  follows: 

f? 

where  <ym  Is  [hi;  nLomcnliuii  accommodation 
range  0  <  <Tm  <  J . 
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coefficient  CM  AC).  Usually,  tTn  -  I  bill  il  can  vary  within  the 
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K  is  tlw  Kmribeu  number,  which  can  be  expressed  ii$ 

%  MeatiFirrPjth 

N  CharacicnsiicLcn^lit 

If  lliis  value  Li  srruilLer  tlinn  ®.0]  Ihe  slip  effect  is  nepLecleJ. 


o  EO  Mobility:  Used  with  the  Wall  Effects  FixType.  This  setting  enables  the  representation  of  the 
electroosmotic  effects  on  the  walls  through  a  mobility  that  defines  the  velocity  achieved  by  the 
charged  carrier  at  the  edge  of  the  double  layer  in  the  electric  field.  Note  that  this  implies  a 
relaxation  of  the  no-slip  wall  boundary  condition,  since  the  near-  wall  region  is  no  longer  solved. 
The  EO  Mobility  is  a  positive  number  for  a  negatively  charged  wall.  (In  other  words,  a  positive 
value  will  result  in  flow  towards  the  negative  electrode.) 

o  Reaction:  Used  with  the  SurfaceRxn  FixType.  No  setup  or  LoadValue  window  is  used. 


Variable 

Setting  for  Simulation  Manager.  A  Fixed  Variable  setting  (the  default)  uses  constant  Foad  Values,  which 
are  not  changed  during  a  Simulation  Manager  run.  When  a  Foad  Value  is  to  be  a  variable  modified  by  a 
Simulation  Manager  trajectory,  one  of  eight  RS  BC  variables  can  be  used,  corresponding  to  the  lines  in  the 
rsSimBCs  Simulation  Manager  setup  window. 

Reaction 

Sets  the  reaction  type  variable.  Choices  are  Rxnl  through  Rxn8.  The  reaction  variable  that  is  assigned  is 
defined  in  the  Reactions  window. 

Transient 

Setting  for  transients  surface  boundary  condition.  A  Fixed  Transient  setting  (the  default)  does  not  apply 
transients.  When  a  Set  is  to  be  modified  by  a  transient  event,  one  of  two  Transient  variables  are  available 
for  assignment.  The  variable  is  defined  in  the  transients  window.  With  this  technique  a  periodic  pressure  or 
input  flow  can  be  generated.  By  setting  the  Transient  variable  the  input  on  that  node  set  is  coupled  to  the 
waves  or  function  defined  in  the  transients  window. 
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ReactSim  Volume  Boundary  Conditions  Window 

The  VolumeBCs  window  sets  volume  boundary  conditions.  Types  and  load  conditions  for  these  volumes 
can  be  specified  in  Part  sets  within  this  window. 
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VolumeBCs 


This  display-only  column  allows  the  user  to  define  up  to  eight  boundary  condition  sets  for  the  model. 

BCType 

Enables  pull-down  menu  with  several  choices: 

o  none:  Does  not  apply  a  boundary  condition  to  the  volume. 

o  MassFlow:  Specifies  a  mass  flow  in  three  directions — Mx,  My,  Mz.  The  Mass  Flow 
LoadValue  is  used. 

o  Velocity:  Applies  a  velocity  to  separate  or  decouple  the  species  calculation  from  the  flow 
calculation.  The  setting  is  valid  only  if  the  species  flow  does  not  influence  the  carrier  fluid 
flow.  A  Velocity,  PreCompute,  or  InputFile  FoadValue  is  used. 

o  Heat  Generation:  Heat  can  be  generated  in  a  part.  The  part  is  usually  a  solid  and  not  a  fluid. 
A  Scalar  Foad- Value  is  used. 

o  Temperature:  Applies  a  fixed  temperature  to  the  selected  part.  A  Scalar  FoadValue  is  used. 

o  E-Field:  The  E-Field  in  the  volume  can  be  read  from  a  pre-computed  mbif  file.  An  InputFile 
FoadValue  is  used. 

o  Temperature  Cycle:  Applies  a  temperature  cycle  to  the  part.  A  Scalar  FoadValue  is  used. 

Part 

Enables  pull-down  menu  with  a  list  of  all  the  parts  modeled  and  stored  in  the  mbif  file. 

Load  Value 

Choose  from  several  load  types.  Each  type  uses  a  different  edit  window,  shown  below  with  the  FoadValue 

description. 

o  Scalar:  Used  to  specify  a  one-dimensional  value,  such  as  Temperature  or  Heat  Generation. 
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o  Mass  Flow:  Used  to  specify  a  three-dimensional  value  for  Mass  Flow. 

o  Velocity:  Used  with  the  Velocity  BCType.  This  is  a  quadratic,  linear  or  constant  polynomial 
in  all  three  directions  applying  a  uniform  velocity  profile  on  the  selected  part.  For  each 
velocity  U  x ,  U  y ,  and  U  z  a  separate  polynomial  can  be  given. 
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o  PreCompute:  Decouples  the  momentum  and  species  equations.  The  velocity  is  pre-computed  and 
an  advection-diffusion  analysis  for  the  species  follows.  No  LoadValue  edit  window  is  used. 

o  Input  File:  Specifies  a  result  mbif  file  from  another  simulation  as  the  source  data  input  initial 
conditions.  The  default  directory  is  the  directory  from  which  the  software  is  launched. 


Variable 

Setting  for  Simulation  Manager.  A  Fixed  Variable  setting  (the  default)  uses  constant  Load  Values,  which 
are  not  changed  during  a  Simulation  Manager  run.  When  a  Load  Value  is  to  be  a  variable  modified  by  a 
Simulation  Manager  trajectory,  one  of  eight  RSBC  variables  can  be  used,  corresponding  to  the  lines  in  the 
rsSimBCs  Simulation  Manager  setup  window. 

Transient 

Setting  for  transients  volume  boundary  condition.  A  Fixed  Transient  setting  (the  default)  does  not  apply 
transients.  When  a  Part  is  to  be  modified  by  a  transient  event,  one  of  two  Transient  variables  are  available 
for  assignment.  The  variable  is  defined  in  the  transients  window. 
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Species  Window 


The  Species  window  allows  the  user  to  specify  the  species  characteristics  used  for  the  simulation.  The 
species  present  are  in  infinitely  dilute  form,  therefore  material  properties  are  not  needed.  The  Tool  window 
Species  options  are  Carrier+2,  Carrier+3,  or  Carrier+4.  If  set  to  Carrier+2,  a  two-column  window  appears. 
If  set  to  Carrier+3,  a  three-column  window  appears.  If  set  to  Carrier+4,  a  four-column  window  appears. 
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Species 

This  view-only  window  lists  the  species  parameters  that  user  can  specify  for  simulation:  Molecular  Weight, 
Diffusion,  Mobility,  and  Conductivity. 

Speciesl,  Species_2 

Designates  the  type  of  parameter  to  be  specified.  Choices  include: 

o  Constant-Scalar:  Constant  with  a  single  value  over  the  entire  field. 

o  Polynomial-T:  Polynomial  function  of  temperature.  Six  constant  coefficients  are  allowed  to 
enable  the  definition  of  up  to  a  fifth  order  polynomial, 
o  Polynomial-V:  Solves  for  non-linear  electrophoresis.  The  user  enters  up  to  six  polynomial 
coefficients. 

For  non-linear  electrophoresis  problems  where  the  electrophoretic  mobility 
changes  significantly,  oscillations  may  be  observed  in  the  solution.  These  can  be 
damped  out  by  turning  on  Upwinding  (from  the  Advanced  button  in  the  Tool 
window)  and  setting  the  value  to  1 .  After  running  a  simulation,  the  user  should 
check  the  splntegral  results  table  carefully.  It  may  be  necessary  to  adjust  the 
Tool  window  Timestep  to  Variable,  and  the  Tolerance  value  downwards  (in  the 
range  of  1.0e-03  to  1.0e-06)  to  improve  mass  conservation. 

o  Polynomial-T, VO:  Polynomial  function  of  temperature,  with  the  V  0  term  used  to  define  an 
initial  start-up  voltage  below  which  electrophoretic  effects  are  absent, 
o  Table-T:  Tabular  form  for  defining  temperature-property  pairs.  Linear  interpolation  is  used 
for  intermediate  values. 


Edit  window 

Specifies  the  parameter  value  in  this  window.  Window  format  dependent  on  the  parameter  type  specified. 
The  Edit  window  are  shown  on  page  139. 

Vary  l,  Vary_2 

Allows  specification  of  a  variable  tag  for  Simulation  Manager  runs. 
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Species  Edit  Windows 


Each  LoadValue  type  selected  from  the  Species  window  uses  its  own  format  for  entering  parameters.  The 
windows  are  described  in  more  detail  in  this  section. 

Constant-Scalar 

Constant  with  a  single  value  over  the  entire  field. 

Polynomial-T 

Polynomial  function  of  temperature.  Six  constant  coefficients  are  allowed  to  enable  the  definition  of  up  to  a 
fifth  order  polynomial. 

Polynomial-V 

Polynomial  function  of  electric  field  strength.  Used  to  calculate  non-linear  electrophoresis.  The  user  enters 
up  to  six  polynomial  coefficients. 

Polynomial-T,  V  0 

Polynomial  function  of  temperature,  with  the  V  0  term  used  to  define  an  initial  start-up  voltage  below 
which  electrophoretic  effects  are  absent. 

Table-T 

Tabular  form  for  defining  temperature-property  pairs.  Linear  interpolation  is  used  for  intermediate  values. 
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Species  Surface  Boundary  Conditions  Window 

The  species SurfBCs  window  sets  surface  boundary  conditions  for  the  species.  Fix  types  and  load 
conditions  for  these  surfaces  can  be  specified  in  eight  sets  within  this  window.  When  setting  conditions,  the 
LoadValue  button  has  to  correspond  to  the  appropriate  boundary  condition.  Not  all  combinations  of  species 
settings  and  LoadValues  are  possible. 


speciesSurfBCs 

This  display-only  column  allows  the  user  to  define  up  to  eight  boundary  condition  sets  for  the  model. 
Species 

Can  choose  any  of  3  species  for  the  setting. 

Patchl,2,3 

Choose  from  any  of  the  patch  names  previously  set  up. 

Load  Value 

Choose  from  several  load  types.  Each  type  uses  a  different  edit  window;  the  entire  set  of  edit  windows  is 
shown  as  part  of  the  LoadValue  explanation. 

o  Scalar:  a  fixed  value  on  a  patch. 

o  Inj_Gaussian:  the  injection  of  a  finite  width  Gaussian  plug  through  the  patch.  The  Full- 
Width  at  Half  Max  (FWHM)  value  can  be  defined  in  seconds  or  in  microns. 
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o  Inj_Plug:  the  injection  of  a  finite  width  square  plug  through  the  patch.  The  Length  of  the  plug 
can  be  defined  in  seconds  or  in  microns. 


Variable 

Setting  for  Simulation  Manager.  A  Fixed  setting  (the  default)  uses  constant  Load  Values,  which  are  not 
changed  during  a  Simulation  Manager  run.  When  a  Load  Value  is  to  be  a  variable  modified  by  a  Simulation 
Manager  trajectory,  one  of  eight  RS  BC  variables  can  be  used,  corresponding  to  the  lines  in  the  rsSimBCs 
Simulation  Manager  setup  window. 

Transient 

Setting  for  transients  surface  boundary  condition.  A  Fixed  setting  (the  default)  does  not  apply  transients. 
When  a  set  is  to  be  modified  by  a  transient  event,  one  of  two  Transient  variables  are  available  for 
assignment.  The  variable  is  defined  in  the  transients  window.  With  this  technique  a  periodic  pressure  or 
input  flow  can  be  generated.  By  setting  the  Transient  variable  the  input  on  that  node  set  is  coupled  to  the 
waves  or  function  defined  in  the  transients  window. 


Species  Volume  Boundary  Conditions  Window 


The  species VolBCs  window  sets  volume  boundary  conditions  for  the  species.  Types  and  load  conditions 
for  these  volumes  can  be  specified  in  Part  sets  within  this  window. 
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species  VolBCs 

This  display-only  column  allows  the  user  to  define  up  to  eight  boundary  condition  sets  for  the  model. 
Species 

Can  choose  one  of  3  species  for  the  setting. 
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BCType 

Enables  pull-down  menu  with  several  choices: 


o  none:  does  not  apply  a  boundary  condition  to  the  volume, 
o  Fixed:  fixes  the  selected  volume. 

o  Initial:  This  boundary  condition  is  used  only  for  transient  flow  analysis.  A  patch  needs  to  be 
associated  and  selected  in  order  to  pose  a  numerically  correct  problem.  The  selected  method 
enters  Mass  Fraction  into  the  flow  as  desired.  The  transient  problem  needs  a  Dirichlet  BC  for 
the  concentration,  which  is  chosen  to  be  0  on  the  selected  patch.  Thus,  the  selected  patch 
should  be  far  enough  upstream  in  order  for  the  Mass  Fraction  not  to  reach  the  patch  at  any 
time. 


Part 

Enables  pull-down  menu  with  a  list  of  all  the  parts  modeled  and  stored  in  the  mbif  file. 

Load  Value 

Choose  from  several  load  types.  Each  type  uses  a  different  edit  window,  shown  below  with  the  LoadValue 

description. 

o  Scalar:  Used  to  specify  a  one-dimensional  value,  such  as  Temperature  or  Heat  Generation, 

o  Location:  Confines  the  concentration,  given  by  the  Mass  Fraction,  to  the  selected  minimum  and 

maximum  values  of  X,  Y,  and  Z.  Coventor  software  finds  all  nodes  that  are  within  these  bounds 
and  applies  the  Mass  Fraction.  If  the  minimum  and  maximum  in  any  direction  are  left  unchanged 

(i.e  zero),  it  means  that  “no  filter”  (all  elements  between  -  _  and  + _ )  is  applied  in  this  direction. 

Using  this  LoadValue  can  lead  to  solver  uncertainties,  due  to  the  sharp  edges  created  by  the 
Location  setting.  The  Gaussian  setting  is  preferred. 


o  Gaussian:  Applies  a  Gaussian  distribution  according  to  the  following  formula: 

rT  v.frr  vnr 


-r  ..w.;)]  it.')] 


where  A  is  the  amplitude,  and  a  is  the  change  in  a  particular  direction.  Typically,  only  one  dimension  is 
given  a  non-zero  a  value,  which  results  in  a  species  plug  with  a  Gaussian  distribution  in  one  axial  direction. 
The  Gaussian  setting  greatly  reduces  solver  instability,  and  is  the  preferred  LoadValue  for  most 
calculations. 
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o  Input  File:  Specifies  a  result  mbif  file  from  another  simulation  as  the  source  data  input  boundary 
conditions.  The  default  directory  is  the  directory  from  which  the  software  is  launched. 


Variable 

Setting  for  Simulation  Manager.  A  Fixed  setting  (the  default)  uses  constant  Load  Values,  which  are  not 
changed  during  a  Simulation  Manager  run.  When  a  Load  Value  is  to  be  a  variable  modified  by  a  Simulation 
Manager  trajectory,  one  of  eight  RSBC  variables  can  be  used,  corresponding  to  the  lines  in  the  rsSimBCs 
Simulation  Manager  setup  window. 

Transient 

Setting  for  transients  surface  boundary  condition.  A  Fixed  setting  (the  default)  does  not  apply  transients. 
When  a  Set  is  to  be  modified  by  a  transient  event,  one  of  two  Transient  variables  are  available  for 
assignment.  The  variable  is  defined  in  the  transients  window. 
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Transients  Boundary  Conditions  Window 

The  transients  window  enables  the  user  to  specify  boundary  conditions  associated  with  transient 
calculations.  Transient  variables  can  be  assigned  in  the  SurfaceBCs  or  VolumeBCs  window,  and  the  type  of 
transient  response  to  use  for  the  problem  can  be  specified  in  this  window.  Two  different  transient  types  can 
be  specified.  For  any  transient  analysis,  the  appropriate  parameters  should  be  set  up  in  the  ReactSim  Tool 
window. 


Transients  are  restricted  to  the  following  boundary  condition  settings:  SurfaceBCs — 
Velocity,  X,Y,Z  Velocity,  Pressure,  FlowRate  Temperature,  Heat  Flux,  Concentration; 
VolumeBCs — Heat  Generation. 
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transients 

This  display-only  column  allow  the  user  to  define  up  to  eight  boundary  condition  transient  sets  for  the 
model. 

Transient 

This  column  allows  assignment  of  one  of  two  transient  curve  variables:  Transient  1  or  Transient2.  The 
equivalent  TransientBCl  and  TransientBC2  variables  are  assigned  in  either  the  SurfaceBC  or  VolumeBC 
window  to  a  desired  parameter  for  transient  analysis. 

Curve  Type  /  Edit 

The  ReactSim  transient  capability  allows  one  of  four  different  transient  waveforms  to  be  specified  for  the 
analysis.  The  specific  waveform  characteristics  are  specified  in  the  Edit  window  accessed  from  the  Edit 
button.  These  Edit  windows  are  further  described  on  page  145. 

o  Square:  Assigns  a  square  wave  as  the  transient  curve.  The  square  wave  can  be  controlled  by 
adjusting  its  period,  split  (duty  cycle),  or  amplitude, 
o  Periodic:  Assigns  a  periodic  curve  as  the  transient.  The  periodic  curve  can  be  controlled  by 
adjusting  its  period,  mean,  or  amplitude. 

o  Curve:  Assigns  a  table  of  time  step  and  property  values  in  order  to  create  a  customized  curve, 
o  Sawtooth:  Produces  a  sawtooth  waveform. 

Variable 

Setting  for  Simulation  Manager.  A  Fixed  setting  (the  default)  uses  constant  Load  Values,  which  are  not 
changed  during  a  Simulation  Manager  run.  When  a  Load  Value  is  to  be  a  variable  modified  by  a  Simulation 
Manager  trajectory,  one  of  two  FluidBC  variables  can  be  used,  corresponding  to  the  lines  in  the  fluidBCs 
Simulation  Manager  setup  window. 
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Transients  BC  Edit  CurveType  Windows 


Each  transient  LoadValue  type  selected  from  the  Edit  CurveType  window  uses  its  own  format  for  entering 
parameters.  The  windows  are  described  in  more  detail  in  this  section. 

Square 

The  square  wave  can  be  controlled  by  adjusting  its  period,  split  (duty  cycle),  or  amplitude.  Period  is  the 
time  between  the  start  of  two  square  waves.  Split  is  a  value  between  0  and  1 .  If  Split  is  0.5,  the  square  wave 
is  at  its  maximum  for  half  a  period.  If  the  Split  is  0.3,  then  the  square  wave  is  at  its  maximum  for  30%  of 
the  period.  Amplitude  is  the  maximum  value  of  the  square  wave. 

Periodic 

The  periodic  wave  can  be  controlled  by  adjusting  its  period,  mean,  or  amplitude:  Period  is  the  time  between 
the  start  of  two  periodic  waves.  Mean  moves  the  periodic  curve  vertically  (up  or  down).  Amplitude  is  the 
maximum  value  of  the  periodic  wave. 

Curve 

The  custom  curve  is  described  with  a  table  of  time  step  and  property  values.  Users  can  enter  up  to  10 
different  sets  of  time  and  amplitude  values  to  simulate  almost  any  type  of  transient  curve. 


Sawtooth 

The  sawtooth  is  described  with  a  combination  of  time  and  temperature  values,  along  with  a  slope 
specification  for  the  sawtooth  angle. 
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Reactions  Boundary  Conditions  Window 


The  Reactions  window  enables  the  user  to  specify  boundary  condition  characteristics  associated  with  the 
resultant  species  reaction. 
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Reactions 

This  display-only  column  allows  the  user  to  define  up  to  eight  boundary  condition  reaction  sets  for  the 
model. 

Type 

Reaction  type  choices  are  Surface  or  Volume. 

Rate  /  Edit 

The  reaction  rate  can  be  specified  as  Scalar  or  as  k(T-To)ATexp.  The  rate  is  entered  in  the  Edit  window 
associated  with  the  setting.  (Texp  is  the  exponent  on  T-To). 

VaryRate 

Specifies  as  Fixed  or  tag  as  a  variable  for  SimMan  trajectory  assignment.  Variable  choices  are  RS  BCl 
through  RS  BC8. 

ActivationEnergy 

Specifies  the  value  if  known. 

Equation  /  Edit 

Specifies  Coefficients  (only  choice)  and  enter  values  in  the  Edit  window  associated  with  the  setting.  The 
reaction  is  of  the  form: 

nA  +  mB  =  pC  +qD 


where  the  coefficients  n,m,p,  and  q  are  specified.  The  reactants  are  entered  as  negative  numbers,  while  the 
products  are  entered  as  positive  numbers. 
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5.3.3:  Simulation  Results  Window 


The  fluidic  results  hierarchical  solutions  menu  window  allows  user  to  choose  windows  to  view  result  tables 
and  mbif  file  paths  used  during  the  computation. 


1 

Hu 

apjwar*  when 
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Return  to  function  manager 


Each  bi/Luii  opens  a  window 
I  dies  cn  ted  separately).  Each 
opened  window  returns  control 
to  this  hisrarctical  window. 


fluidDomain 

Opens  window  to  display  table  of  fluid  results. 

files 

Opens  window  to  display  path  to  result  mbif  file. 

Done 

Closes  window  and  returns  control  to  the  function  manager. 

File/Print 

Enables  printing  of  the  individual  window  results  to  a  single  file.  The  text  format  file  can  be  used  to 
interface  to  other  programs,  such  as  Microsoft  Excel.  The  file  is  located  in  the  directory  from  which  the 
software  starts. 
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Fluid  Solution  Window 


This  fluidDomain  window  displays  the  results  from  the  FEM  solver. 


fluidDomain 

Lists  the  type  of  velocity  for  the  solver  solution.  Maximum  velocity  as  well  as  the  individual  X,Y,  and  Z 

components 

are  displayed. 

Maximum 

The  maximum  velocity  calculated  by  the  solver.  The  value  shown  is  an  absolute  value. 

Minimum 

The  minimum  velocity  calculated  by  the  solver.  The  sign  of  the  value  is  derived  from  the  normal  vector;  a 
minimum  value  can  represent  maximum  velocity.  If  the  value  in  this  column  represents  the  maximum 
velocity  for  the  model,  the  same  value  will  appear  in  the  Maximum  column. 

Close 

Closes  window. 

Result  Files  Window 

This  files  window  displays  the  path  to  the  result  mbif  file. 

Base  File 

Lists  the  full  path  of  the  result  mbif  file  created  by  ReactSim. 

Result  Directory 

Lists  the  path  of  the  directory  that  stores  the  result  mbif  file. 

Close 

Closes  window. 
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Appendix  1 :  Publications 
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Optimization  of  Sample  Injection  Components  in  Electhdkinetic 

MlCHDtl.riDieSVJtTKMS 


Lite  Italic1  iuirl  Abdel  Mliljlhi 
Twhoologtes  C  cup. 

Munich  Dt^hpundr,  Kin  11,  IJrdmr  and  John  tt-  (Jilhtil 

MicnAK^in  TediioJjftglCS  luc. 


fomma: 

This  paper  preseiils  experimental  data,  slmiJatlHi  tools 
(FlnnteCAD).  simulation  results.  and  Lbuir  use  loftclkr  lo 
analyze  and  Improve  Hie  design*  of  etectroklnetlc  Injection  and 
switcliinR  tooi  portents  fur  jiiicTuclicmical  fluidic  systems, 

rsTROpucnoN 

EjwLrokim'tk  inii-rofluLdic1  microsystems  arc 1  powerful 
analytical  tool*  for  many  application*,  such  as  nucleic  and 
analysis.  rnzyioe  assays.  and  immunoassays  |Mi].  Such 
system?  haste  gamed  considerable  Importance  as  oompodienl*  bn 
kniCrtwi- v;i lu  integrated  clionticiilibi^X'hcik'iiuil  analysis  irf 
sym  lh!sis  sysitius.  also  referred  10  ns  lah-on-a-elilp.  '['lie  basic 
"mini  process"  operations  iu  these  systems  are  sample  injection, 
mixing.  chemical  renclia:i  of  modification.  separation.  and 
detection,  A&erubling  a  system  of  many  "unit  pnxess"  nodes 
requires  due  nr  more  Iransporl  mechanisms  lo  move  sample 
andi  reagents  Ihrougji  the  !wl m'  of  ihe  system.  Many  of  these 

systems  u-ly  on  vl&'liiskiOilk  physics  as  IhL'ii  I,i;j,iU]S.viI 
mechanism.  allJkongfi  [Hcssitrc  and  pixtiiualie  apphc-allcm*  have 
also  been  demnnscraflcd.  Complteiiied  re  I  hi  urn  ships  esisi 
btfwem  ihe  microchajuicl  geometries.  Ihe  conditionE  under 
which  the  device  operate,  arid  ihe  behavior  uF  die  inulli- 
^.Tin|Hmcik|  Moots  transported  in  iliesc  channels,  In  like  past 
icscarcbcrs  toe  been  forced  to  use  cosily  trial  aiM  error 
methods  io  nihkcmnd  ami  des-ign  such  nuejfltluLdlc  systems. 

CAD  toots  can  be  a  valuable  aid  in  die  design  of 
mkrafluidic  systems.  Kumerical  analyses  provide  significant 
insight  bite  ihe  fluid  mechanics  in  these  systems,  They  allow 
the  EHtiarlinn  of  material  and  flaiv  properties  chnc  are  generally 
not  well  documented,  or  that  vary  from  application  te 
application  or  from  one  nMnufac1urin§  technology  to  anolher. 
Furdterniore  such  tools  help  Hie  designer  to  explore  a  much 
larjger  space  of  designs  chan  is  easily  available  from 
eHperlmeril,  and  do  so  In  a  quantitative  way  which  enables  the 
exlraclion  of  key  parameters  for  Improved  or  optimal  operation 
of  common  ruler ochejnical  system  components, 

In  Ihis  paper  we  include  experimental  data  from  some 
eleciio-kinelic  injection  and  switching  components,  as  well  as 
matching  simulations  of  those  components.  We  Ihen 
demonslnte  the  use  of  the  simulation  tools  so  generate  vlrttnl 


experiments  to  help  the  designer  chouse  Rood  or  uplitnul 
settings  for  the  pinch  field  during  Infection  and  good  nr  optimal 
setting  for  She  switehinR  field  in  a  witch  component, 

Tiie  simplest  switching  component  Is  an  intersection  oF 
two  dLannek  Such  inlcrsecliaiis  are  surprisingly  powerful 
iooli  I  liar  enable  the  definition  oF  simple  plugs  at  the  plonlller 
level  |2]:  this  in  turn  iiJiovvs  microfabricated  ckclrokincCte 
systems  lo  nuiperFnrm  their  conventional  rntmierparls  hy 
orders  of  maRnLludc  |J|.  The  switehinR  coitipuncnls  are 
employed  In  separation  and  dispensing  systems  In  Inject  Ihe 
sample  from  die  loud  channel  to  ihe  separation  drnnneJ.  A 
typical  system  employing  such  switching  components  Is 
presented  in  Figure  I,  showing  a  vnkruHuidic  system 
fabricated  by  elchbig  and  bonding  in  glass. 

The  pacimeters  trim  daeffnift;  qptimal  injectluti  include: 

*  ilk  length  ni  ilk  sample  Iji|lwi:L  which  defines  ihe  Lpialliy 
erf  :i  suh«L|ueii1  separation 

■  the  miiouiU  injcdwl  {the  higher  it  is,  tire  easier  detection 
is):  and 

*  ihe  etectrophocetic  bias*,  t.e,  the  dependence  of  mo 
fenjfCLicil  onkuim  on  the  mobility  of  the  Ln|eeiLNl  speetes. 

The  number  of  parameters  Involved  in  defining  a  given 


Figure  l  .  On-chip  analysis  system  showing  itetwnrk 
of  iilcrccnncdcd  diannels  eldted  ill  I  lie  uihstmte. 
The  intersections  of  the-  ehattnals  form  the  Injection 
locatlftfis. 
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Injection  is  Jaige;  (he  currents  Involved  in  each  step,  [lie  length 
oi  each  seep:  and  the  exacl  geojnelry  of  Hip  intersection.  It  is 
dafflciiLl  to  MpJjofe  this  entire  universe  experimentally  to 
optimize  (he  desired  properties,  and  computer  modeling  of  the 
injection  pnx-ess  is  thus  very  useful.  Heie.  we  demonstrate  Hie 
use  of  numerical  modelling  in  the  design  of  such  components, 
using  Ihe  etaclroklnetie  switch  as  an  etxample- 

Eimulalions  of  elaclrokuietlc  Hows  have  been  reported  in 
the  Literature  for  boUi  eletfrophoredc  17.81  anti  electiroosntolic 
[9-10|  flows.  In  [9]  and  |1Q],  simulations  oE  pinched  Injection 
have  been  reported  bi  channel  iurtersectUms.  demonstrating  line 
application  of  electrical  fields  to  position  the  species  plug  in 
the  Intersection.  prior  to  switching.  Tliese  analyses  are  2D 
steady-state  analyses  with  fused  field  boundary  conditions.  In 
shis  paper  we  report  on  tlie  use  of  a  new  analysis  tool 
Ib'LumeCAU)  capable  of  full  3D  analysis  of  eleclroklnetic 
physics  with  transient  species  loading  and  boundary 
conditions.  Qualitative  comparisons  with  experiment  show 
good  agreement  with  simulations  as  presented  below, 
Qiaraclerlzalion  of  the  device  based  on  applied  fields  is  Ihen 
presented  to  demonstrate  tlie  extraction  oF  simplified  models 
chat  allow  tlw  selection  of  optimal  field  slnengths  for  specific 
device  performance 

Kx  n:u  i  hiKx  i'4 1 .  SKrut*  \nm  Mk.isijr i  :mkx  i:h 

Experimental  tlala  Was  obtained  on  polymer  chips  Lliat 
roulalikfid  channels  with  a  cross  section  of  12  by  3!i  nurrons. 
The  DMA  sample  was  a  uiXl  74/1  belli  ske  nuirJur  at  a 
raibcenlratlon.  of  200  ng-pL,  In  a  200  mM  TAPS  buffer  solution. 
A  fluorescent  InkTcalulin^  dye  (SYBR  Green  D  was  used  to 
allow  detection  of  Ihe  double-stranded  DMA.  The  sieving 
matrix,  used  was  a  1 ,3  %  solution  of  an  acrylamidc-baised 
polymer.  We  determined  I  liar  eleclrwwmorir  flow  In  Ihese 
conditions  was  iLc^Li^ablL1- 

Tlie  chip  design  was  a  simple  cents,  with  ,a  reagenl  well  at 
the  end  of  each  arm  of  the  cross.  Two  such  designs  were 
present  In  a  single  chip,  for  a  total  of  eight  walls,  in  a  chip  of 
dimension  22  A  by  37  inin. 

Tlie  chip  Is  loaded  with  reagents  and  Inserted  Lnlo  a  holder 
containing  platinum  electrodes  connected  lo  im  c,i^fiL-ili»nin,l 
high-voltage  power  supply.  This  power  supply  Is  capable  of 
either  vulture  or  current  control  for  cadi  of  tin1  chiumrls  The 
chip  Is  observed  on  an  Inverted  fluorescent  inJr-rosrope,  one  of 
whose  optical  outputs  is  directed  towards  in  inteiesified  CCD 
camera  for  visualization.  A  computer-controlled  script  Js  used 
in  each  ftCspcrimcnt  to  define  llic  volla|$es  or  nrrrenls  at  each 
terminal,  and  Ihe  time  during  which  rlwy  are  applied. 

NBMKRICaL  KoIrtilLU  AnuM 

Ttie  basic  equations  describing  Hie  fluid  motion  arc  Ihe 
NavLer-Slnkes  equations  wLUl  appropriate  electromlgralocy  Jlux 
twins  lo  represent  tlie  effect  of  Ihe  applied  electric  field  on  tire 
earlier  andi'or  Ihe  charged  species.  The  effect  dE  Ihe  applied 
field  can  be  divided  Into  two  fuiHfammtal  components: 

h'tectrntffwpsif.  I  he  basis  for  electrophoresis  is  ihe 
differential  migration  of  the  charged  species  ions  relative  to  ike 
earlier  molecules  under  the  application  of  the  external  field. 


Ttie  differential  migration  is  primarily  an  effect  of  the 
difference  in  tl>e  ncl  charge  between  Ihe  solvenl  arid  salute 
ions,  although  frictional  effects  may  also  have  some  relevance. 
Ihe  migralian  velnelfyof  the  charged  species  can  he  expressed 
in  terms  of  tl>e  applied  Field  strength  as 

V“N>f  ni 

where  \i,v  is  ihe  electrophoretic  juohiLi.lv  of  Hie  ion  in  Ihe 
carrier  species.  It  is  unporlant  to  note  that  in  mosl  cases  Ihe 
carrier  does  uol  move  under  electrophoresis. 

Llectroosfuosis-.  Fleclrocsmosis,  Lu  contrasl,  Js  a 
macroscopic  plienonienon  involving  ihe  pumping  of  a  fluid 
through  a  chajuiel  under  the  application  oE  the  field.  In  most 
eases  walls  in  nticfochmnds  are  characterized  by  the  presence 
of  surface  charges.  The  charge  may  either  be  due  to  Ihe 
property  of  the  wall  or  by  adsorption  of  die  diarged  species 
from  ihe  buffer.  In  the  presence  of  an  elecIroLyle  Ihe  surface 
eliarge  density  induces  (he  formation  of  a  double  layer  in  Ihe 
fluid  by  attracting  oppotllely  charged  ions  Emm  Ihe  electrolyte 
to  tbe  immediate  vicinity  of  die  wall.  The  application  of  die 
electric  field  exerts  a  force  on  the  Fluid,  which  is  Initially  felt 
only  w Lihi n  the  double  layer-  As  a  result  the  fluid  m  rhe  near 
vicinity  of  Ihe  wall  slarts  lo  move.  Due  to  Ihe  viscous  forces 
the  fluid  Lu  the  center  of  the  channel  is  also  accelerated  uiLlil 
the  net  velocity  gradient  Ln  the  indiaJ  direction  Is  zero  and  Ihe 
whole  fluid  In  the  channel  moves  at  a  constant  velocity. 

The  determination  of  the  elecLroosmotic  tlow  field 
requires  the  solution  of  the  Navier  Stokes  equation.  Ttie 
elertroosmocLc  cffecl  is  Incorporated  as  a  Force  Ihe  F  In  tike 
momentum  equation.  Here  pP  is  (he  cJiar^c  density  um£  E  is  die 
electric  field  intensity.  Tine  electric  field  can  be  determined  by 
the  solution  of  tlie  potential  equation,  under  the  effects  of  both 
the  applied  field  and  the  zela  poteuliiiJ  on  die  walls.  Formally, 
the  Debys-  Huekfil  [  fe  L  |  treatment  using  the  Goiiy-Chapman 
[11]  concept  of  ii  diffuse  double  Layer  can  he  employed  to 
coinjHiue  t\v.  zeta  potcnlkal  dlstrlbutUm  from  Mlc  PnLwwi- 
BollznLann  equation. 

In  pmclbce,  Hie  acourale  solution  of  Hue  PnluorL-Rolfziiiann 
equatlQu  requires  llic  resolution  of  tlie  double  layer.  In  gcireral. 
the  dcnihle  layer  Ihlekness  L-i  extremely  imall  In  comparison  to 
the  channel  width,  Foj  exajriple.  under  iwmlnal  condldons  for  a 
50  micron  channel  containing  water,  the  double  Lave;  Ihickness 
is  of  Oburi) .  Adequate  n?soNilaon  of  scales  of  this  order  is  not 
generally  Iraclable  and  further  simplification  is-  necessary.  Ihe 
effect  of  the  potential  across  the  double  layer  (the  zeta 
potential)  is  felt  as  a  farce  or  the  fluid  al  the  edge  of  tlie  double 
layer.  mi4  can  be  applied  as  a  boundary  condition  on  the  wall 

Vm™*  121 

Which  Is  analogous  lo  tike  equation  for  Ihe 
dcctropliofi'tk-  velocity,  Eq.  |1],  The1  clcclrcxranotk 
mobility  can  tlken  also  he  exlraderi  using  an  approach  similar 
to  llic  dcctropliofi'tk-  case. 
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Figure  it :  Geometry  of  InlLTvcdion 

mesh  over  a  shoe  plan?,  Typical  mesh  ha*  ahout 

Ititlti  panboLk  hrlck  finite  elements. 


L  lie-  motion  o I  a  charged  species  in  Ihe  electric  field  can  be 
determined  by  Incorporating  m  electroklneck  transport 
mechanism  in  Ihe  species  equalion.  The  transport  o!  the  species 
is  through  rlie  combined  effect  of  (fie  eledroosmofic  motion  or 
the  carrier  fluid  and  the  eleclrophoiElk  transport  of  the  species 
under  the  effect  of  ihe  applied  electric  field. 

Lhe  numerical  analyses  presented  above  are  derived  under 

the  following  asimtipiions  - 

*  Menlrnl  Carrier:  The  canier  fluid  is  assumed  to  be 

elKtroneutraJ  everywhere .  except  within  tike  double  layer, 

*  Dilute  Sample:  The  carrier  fluid  is  assiuned  to  he 
predominant  hi  calculating  The  physical  properties  of  tine 
fluid. 

*  Uncoupled  Tronsuoir:  Individual  sample  species  do  not 
affect  each  arher  as  to  their  diffusion  or  mobilities. 

*  No  Chemical  Reactions:  TJie  charged  sample  species  are 
assumed  ro  be  fully  ionized  in  Ihe  mixture,  and  do  hoc 
react  with  each  other. 

The  above  assumptions  allow  the  (tensity  of  the  ralstmc  to 
he  ;Lv-'iuliil\L  constant,  reducing  the  problem  to  lire 
incompressible  lorm.  The  momentum  and  species  equations 
arc  decoupled  and  cun  he  solved  separately. 

The  modeling  or  decLrukiix.'tk:  effects  is  inx:Or|K*ated  into 
tlJC  FI  o  me  C  A  l>  System  riiorn*CAl'J  i§  an  integrated  design 


Figure  3  :  Schematic  of  (a)  Finch  and  <b) 
Switch  ill  intersection. 


enviranDcat  consisting  of  3I>  design,  modeling  and  si  mu  I  in  ion 
software  loads.  which  enable  (he  creurion  and  analysis  of 
complex  inicrotluidic  devices.  Inherent  in  ihe  design  flow 
implemented  in  FlomcOAl)  is  ihe  ability  lo  Ltan^laie  from  a 
liiyoui  and  pretecss  view  »J  ihe  device  to  &  solid  model  ;uu:L  io 
essminue  lo  a  31)  device  model  .allowing  simulations  Lhat 
characterize  Ihe  various  physical  phenomena,  present  in  Ihe 
device-  The  numerical  solution  uses  a  Lluee-diinensional  finite 
element  based  engine  as  the  b*;k-ei>d  solver  i dr  ihe  analyses. 

Uhlsvi  .is 

In  ihis  seetinu  bnlh  expcrl  menial  urn  I  nnmericfll  results  urn 
presented.  Wc  begin  by  presenting.  salmi  ors  for  Ihe 
electmhineticaLLy  pinched  How  -  and  the  effect  of  the  Held 
strengths  on  Llx-  analyte  vulume  in  the  ink1  [section.  FoHOwiHg 
thiit.  solution  Cs.sc'  the  switched  Held  me  presented  along  wkiil 
expenmemal  ohservurions  for  slmdiir  condnnms.  finally  we 
examine  Ihe  eJleei  of  ihe  swLlchLng  jxHcnnal  >.m  tlx:  width  of 
the  separated  hand  :md  Ihe  residence  lime  in  Ihe  intersection  - 
we  can  determine  an  Optimal  field  slrength  for  A  required 
xeparaiion  hand  widih  from  Lhis.  analysis. 

i.'Jcrfrj^r'.v.'N  l*:rhSc,  In  llki.s  .sOtfion  experimental  and 
numerical  resulis  are  presented  for  me  eleciroidneii cully 
pinched  flow.  The  geometry  of  the  intersection  and  Ihe  mesh 
used  for  the  ecmipulution  is  shewn  in  Tignre  2.  The  geome1rf' 
chosen  hem  is  similar  tu  the  experiment  discussed  before.  11k 
arms  ot  the  intersection  are  each  300  pm  long.  A  nominal  mosh 
contains  1 1 H H l  parabolic  brick  Unite  elcnumts  -  prior  analyses 
coiilirmcd  that  Lhis  rtsuluLiuii  yielded  mesh-independent 
solutions 

The  iriinspon  mechanism  In  ihis  case  is  eleetmpbnfeilc.  A 
schema  tie  of  the  applied  field  dial  generates  Ihe  pinch  is  shown 
in  Eigure  3.  A  field  in  the  Lruns-verse  channel,  generating  a 
pinch  in  llie  iiHerscdion  supplements  Hie  drive  potential,  I  lie 
xpecigx  is  injected  irum  ihe  well  with  ihe  applied  Held  and 
computed  ini[ii  steady  stale.  The  resulram  spates  distribution 
is  shown  m  Flyura  4  -  showing  isnvnlnmcs  of  the  species  mass 
fraction  in  the  intersection.  The  conditions  chosen  for  Lhc 
simulation  arc  similar  tu  cxperimentel  conditions  also  &htfwii  in 
Hgvre  4.  The qualitative  agreement  shown  in  the  figure  is  -quite 

good,  indicating  thai  Lhe  simulations  capture  ihe  reliant 

pbystes  observe*!  m  the  expenmems  quite  well 

Effect  of  ,Wrf  i.wrtirtt--  The  volume  of  the  specie*  in  Hie 
intersection  is  a  funclian  of  the  slrength  af  the  pinch  -  i.e.,  of 
the  relative  field  slren&th  In  the  aims  of  the  intersection.  As  Hie 
transverse  Ik- Id  slren;-;tb.  and  therriorp  the  pinch.  Increases,  Ihe 
volume  decreases,  since  the  species  is  confined  to  a  smaller 
region  wilhin  I  lie  intersection.  En  the  switch  part  af  the  eyrie,  it 
is  tikis  volume  tliat  is  will  he  dispensed  Into  tlie  separation 
channel.  In  a  system.  Hie  optimal  injection  volume  is  small 
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Figure  4;  Electrophoretic  Puttbiug  in  Cross  InjixLur, 

Left  linage  Ls  Experimental  and  Right  Image  la 
Simulation. 

i.'isroiLu.lfc  lo  yield  u  narrow  band  in  Hie  separation  channel.  yet 
large  enough  rn  yield  an  adequate  signal!  Li  ihe  detection 
omnjKmcnl.  ]il  ii  Jispcnsui#  sysictu  Hie  injection  vuluine  is 
specified  by  tluc  required  to  be  rlLspensert.  Charatferixatlon  of 
thcb  cfft’cl  of  llh:  fiL-Jd  on  rhL-  analyte  vtoJuiiil-  in  the-  inlnwdioo 
Is  therefore  an  Linjiof  lant  question  Jn  tlie  design  of  the  injection 
system.  In  the  FlumcCAD  system  I  his  translates  to  ilur 
paramelfljalinn  of  rlw  Held  boundary  enndlllnns  over  a 
ipttifkd  ran|^L-  of  values,  wilti  die  nmipuliUlioa  repealed  at 
eafk  step.  This  variation  Ijl  tike  boundary  ccmdliticms  was  done 
ihraugh  Flume  CAD's  Simulation  Manager,  which  allows  Hit 
spedFlrallnn  of  a  paramelrlc  variation  In  a  boundary  condition 
value  iind  performs  Ike  required  scL  ef  simulations  and 
nceumiilHles  tlie  oompnled  dais.  This  mechanism  greally 
reduced  user  intervene  ion  and  simplified  Hie  selirp  and  analySli 
of  tlie  problem. 

Once  the  simulations  ojll  cuinpJe-lcd.  the  volume  in  iJix.1 
intersection  is  rompuTed  as  a  Function  oF  Hie  field  by 
perFurmitip  a  Revlon  of  Inleresl  I.KOLj  integration  over  lIh* 
intersection.  Tike  ROl  defines  a  specific  voEunie  of  tlie 
cuunpnlalinnal  domain  wiltim  which  Hie  coauamcd  species  nuiss 


Figure  5  :  Vfliialion  of  Analyte  Volume  in 
hiteJicclscui  with  Voltage  across  arins  of  cross. 


she  Increase  in  (tie  analyte  volume  in  die  intersection  as  a 
function  of  the  voltage  ratio.  The  voltage  ratio  is  defined  here 
as  the  ratio  of  Hie  potential  difference  turns  the  FlII  and  ihe 
pinch  channel.  As  expected  Ihe  volume  Jr  Uie  intersection 
incrcsftes  with  increasing  voltage  ratio,  The  figure  quantifies 
the  volume  in  the  intersection  as  a  function  of  Ihe  field,  -  the 
applied  field  required  for  a  specific  design  can  dien  chosen 
from  this  curve. 

Efecto'akluetlc  Switcfy.  The  nexl  step  in  (he  design  problem 
is  (he  eiectrokinelic  switch.  The  load  cycle  is  as  above,  ivllh  ihe 
flow  pindied  in  die  intersection.  Following  Hie  pinch.  Hie  flow 
is  swepl  from  the  Ini  er  section  into  the  separation  channel  by  a 
field,  while  simultaneously  current  towards  both  top  and 
bottom  helps  separate  Ihe  sample  plug  and  prevenls  leakage 
into  Ihe  separation  channel.  A  time  period  and  a  voltage  and*  or 
a  current  setting  al  earh  port  In  Hie  design  define  each  phase  of 
she  cycle, 

Both  experimental  nkeasnremenls  and  simulation  resnlls 


Figure  6  :  Experimental  Observations  of 
EJecliokinetic  Switching  Joint. 


3tre  presented  here  for  electrophoretic  flow.  Tlie  channel 
geometry  for  the  experiments  were  as  described,  in  Ihe  previous 
section.  Ttie  applied  currcnL  in  Ihe  channel  is  2  uA  in  Hie  load 
phase  with  a  luA  current  for  the  pinch,  driving  ihe  species 
from  Ihe  bottom  of  Ihe  Image  to  Ihe  lap  as  shown  in 
expeiimetLlaJ  observations  in  Figure  fi-  Tlie  switch  phase  then 
follows  with  a.  current  of  3  pA  from  eight  lo  left  ami  1  |iA  to 
pull  bad  Hie  species  hi  tlie  top  and  bottom  channels  to  separate 
the  sample  plug.  The  lime  sequences  shown  In  Figure  0  are 
approximately  0,1  seconds  apart.  Simulation  results  for  similai 
conditions  are  presented  in  Figure  T  as  iso-volumes  of  tike 
species  nisfts  fraction,  and  demonstiwre  qualitatively  good 
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Figtn-e  7  :  Numerical  Simulation  of  ElectrokJtietic 
flow  in  Switching  Joint 

agreement  with  experiment.  Thp  *bape  of  dip  pLitrhed  species 
i wdl  his  (he  vJi^pi.*  of  lluc  plug  Lit  iIlc  separaliuti  channel  is 
well  reproduced  by  Ihe  simulations.  Tills  shows  lhal  the 
simulations  appear  to  capture  n.U  llic  relevant  physics  in  d k 
problem  and  gives  us  reasonable  confidence  In  the  predictive 
capabilities  of  our  tool. 

Ffiecl  el'  Switching  Slrength.  We  next  demonstrate  Hie 
iippljc-ciLloii  of  ihe  simulation  tools  in  predictive  design 
cspahlhly  hy  studying  ihe  effect  of  the  Fipld  strength  Jn  Hie 
injection  cbaractrrislinf  of  llic  c-Jct'CrukinLlic  switch.  The 
switching  field  strength  afFieets  the  Flow  In  two  ways  First,  Jn 
the  width  of  the  pLn;>  injected.  into  tin1  separation  channel,  iind 
second,  in  Hie  resident  time  oF  Hue  plug  in  Hue  Intersection.  As 
discussed  before,  llic-  phi”  widlli  is  nil  important  quality  to 
define  ihe  injection  ihe  residence  time,  on  ihe  other  hand 
defines  (he  cycle  Lime  fur  the  injection  -  lhal  is,  Lite  time 
between  subsequent  Injections. 

The  switching  field  is  varied  through  the  Simula  Eton 
Manager,  which  allows  granular  control  over  Hie  port  sellings 
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in  my  phase  in  rhe  simulation.  The  switching  field  was 
changed  by  varying  Ihe  current  in  Ihe  reparation  channel  from 
I  to  A  uA  and  rcptelinjr  the  computation  at  each  scLIiciR,  Hue 
resulting  data  can  be  analyzed  by  region,  of  interest  {RQR 
integrators  at  select  locations  to  gain  Insight  Into  rhe  behaviour 
of  the  clectroJifiiclic  switch  and  to  define  optimal  opcralitip 
conditions  for  switch  operation.  Examples  are  shown  in 
Figures  3  -  lO.Tlic  band  width  of  the  dye  plug  in  the  seperatioji 
cliannel  Is  shown  In  Figure  fl.  Ihe  corresponding  ROl  Is  shown 
in  (lie  inset  ui  the  figure.  The  ROl  hen'  is  analogous  to  an 
eiqttrJmpnlfil  point  probe,  such  as  a  diode  or  photo-multiplier 
Cube,  positioned  over  the  specific  location  to  collect  Lite 
fiourescence  oF  thp  species  migrallng  pasl.  It  is  therefore 
reasonably  representative  of  to  raven  tio  nil  I  experimental 
mpasiLremenls  for  sucli  dpsign  problems. 

The  band  width  of  llic  injected  plu&  cuil  Ire  determined  by 
the  'broadening"  nf  tlie  plug  Itwough  the  ROT,  as  the  change  In 
its  peak  width  al  half  maximum  The  four  curves  in  iJlc  figure 
correspond  tn  differing  values  of  Die  switching  cur  rent.  The 
ciLrrenl  in  llic  "pull-back J  iirms  of  die  interaction  was 
loainCiiined  ut  luA  for  all  the  case's.  The  resullbi#  dependence 
of  Lite  band  width  as  a  ftniclioii  of  current  in  the  separation 
cliannel  Is  exlraclerl  from  the  Figure  and  presented  In  Figure  4. 
The  volume  of  the  injected  band  Can  also  be  computed  as  Llie 
integral  under  the  curves  and  Is  also  slbown  la  the  figure  on  lire 
secondary  axis.  The  band  widih  drops  as  a  function  of 
increasing  current,  as  expected.  As  Ihe  switching  current 
Increases  further,  the  injected  band  width  aj>]tears  to  asymptote 
to  a  minimum  value.  As  discussed  before  the  hand  widih  at 
injection  is  one  of  Hue  qua  lilies  that  characterizes  Injection  -in 
general,  the  smaller  the  injected  band  width,  the  betler. 
However,  as  ihe  figure  Indicates,  rhe  net  volume  Injected  also 
drops  with  increasing  fields.  This  strongly  affecls  Ihe 
homogeneity  of  (he  injected  band,  since  species  rliat  are  liglilei 
or  have  greater  charge  are  Likely  to  be  Larger  components  of  Ihe 
baiKJi  bt  comiw.tfison  to  heavier  species  or  species  with  lessee 
charge  -  larger  band  widths  would  lend  to  be  mare 
homogenous.  In  the  case  of  Hie  Therefore  the  desirable  band 
width,  and  consequently.  Ihe  tield,  is  an  optimal  compromise 
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betaken  [be  alkwe  two  facrors  -  curves  such  as  Figure  9  ran  Ik 
used  to  extract  the  opIimaJ  design  eondltlnn. 

A  second  issue  is  Hi.e  resident*  lime  of  the  species  in  [lie 
intcrseclkm.  Ln  several  appLLcalions  such  as  dispensing.  Ihe 
dectnMnctic  switch.  is  used  in  a  cwdinuous  cycle,  The  cycle 
rime  is  Ihen  dependeal  on  Ihe  residence  lime,  since  a  new  fill 
cycle  can  only  begin  well  after  (Ik  previous  swiich  cycle  is 
completed.  An  ROE  integration  over  Ihe  Intersection  region 
yields  Ihe  required  residence  [hue  as  shown  In  Figure  10.  and 
therefore  indlcales  an  appropriate  cycle  time  as  a  function  of 
(be  switching  field, 

Carres  such  as  those  in  Figures  8  10  allow  the  detailed 
cJiatacleiJaatfon  of  Ihe  flow  physics  Ln  Ihe  Lujeclion  region  and 
can  therefore  be  employed  to  determine  optimal  Injection 
coiidilions  For  specific  appliratlcms.  Extension  of  rhe  analysis 
to  more  complex  jgeomelries  and  chemical  properties  is 
reasonably  stfalglrtforwafll. 

CoscursKihfc 

Experimental  and  numerical  analysis  of  ekclrokua'Llc 
switching  component  are  prawnred  In  this  paper.  The  analyses 
wi ere  conducLed  for  a  Cvpu.ul  injector,  formed  by  I  he 
jntersectlnn  of  two  channels.  Analyses  are  cnndurlert  hoth  for 
(be  steady  state  putch  as  well  as  llic  eiertrokinelic  swlldi.  The 
numerical  result*  show  reasonably  good  agreement  with 
ntpcrimciiJI  in  berth  cases  -  JcmunslralinR  Che  capablLily  of  Ulc 
design  tool  In  caphirLng  Ihe  relevanl  physics  Ln  Ihe  system. 
Design  analyse*  are  conciliat'd  Co  diararCerize  Ihe  injccliun 
process  to  estract  heliavlnurkl  models  For  the  mjerllnn  process 
ro  quantify  llic  Land  widlh,  volume  and  residence  lime  of  Ulc 
jnJerUrm  as  a  funrtLon  of  the  applied  Fields.  The  retails  Indicate 


Figure  t>:  ¥  Lislcli:  ire  T  n\?  o  "  A  "lolyio  in 
Tisi^i Kweilin i  us -j  lui.Llic..i  o:'y  wltciuig  Curre." 

Cbul  liie  band  width  in  llic  separalion  channel  decreases  as  llie 
switching  Held  Increases  the  corresponding  Injected  volume 
decreases  as  well.  The  residence  time  of  ihe  species  in  die 
intersection  also  decreases  wllh  increasing  field.  The  opllmal 
infcclion  for  ii  piirlicalar  System  can  ihcn  be  extracted  from 
such  analyses.  Extensions  of  Ihjs  analysis  to  different  Injector 


configurations  as  well  as  different  analytes  is  relaliwty 

stmdgfiifwwBrd. 


Acekowledgements 

This  worl  was  Funded,  In  pari,  hy  DARPA  FTO  Ihroiigh 

[be  Composite  CAD  Pronranii  tintler  llic  FIiuiicCAD  Project. 

KKITIHIHCIS 

[l|  D.J.  Harrison,  K.  Fluri.  K  Seller.  7.  Fan  C.E.  EftenhaiLser 
and  A,  Mimz.  "MuToiiitfchiriLuR  a  muLialiLtked  capillary 
elertropfioresLi-hasert  cliemlral  analysis  syslein  on  a  chip," 
Science,  Zl  I  (1993)  G95-397. 

|2J  &.C.  Jaoofeson,  R.  Hergennorter,  T..B.  Koiitny,  R.J. 
Wannads  and  J.M.  Ramsey. " ‘Effects  of  Injection  Schemes 
and  roLiinui  Genmelrv  on  the  Performanoe  of  Microchip 
Electrophoresis  Devices.  '  Aunt.  Citcui..  06  (1%<3) ,  1107. 

|3j  Luc  Housse,  Bob  Dubrcw  and  Kalhi  UJfelder,  'High 
PeifMinaiK*  DMA  Separations  in  Microchip 
Electrophoresis  Systems."  u-TAS  'SB,  271. 

N1  AT.  Wwlley  md  RA  Mathfes.  "Ultra  High  Speed  DNA 
Sequencing  using  capillary  eLecIrophoresis  chips,'  Ami 
Om,  8S  (1995),  3676. 

1 5]  N.  Cbiem  and  D.J.  Hariison.  'Microchip  basEd  capillary 
elecii^ioresis  foi  bnawnnosssiify^,'  Mai.  Client.  59 
(law).  373. 

|91  S-C.  Jacobson  and  J.M.  Ramsey,  Tot-egrated  device  far 
DMA  restridioo  fragment  analysis."  Altai.  Client.,  GS 
{19%],  731), 

[7]  X.  C.  Qnl,  L.  Hn,  J.  H.  Masliyah.  and  D.  J.  H-airison. 
^IMfmtandlng  fluid  nrabaujea  within  clKtrekiiietic&lly 
pumped  mlcreifluidic  chips".  I&&7  international 
Conference  oit  Solid  Slate  Sensors  and  Acinatots. 
Chicago.  IL  (1997). 

|91  P.M,  Sf-  John.  *1  al,  ‘Mctiology  and  Simulation  of 
Chemical  I'raiispon  in  MicroChannel*".  Solid  Stale 
S&isots  and  Actuators  Workshop.  Hilton  Head,  SC  (1%9). 

|T|  N.  A.  Falankar  and  H.  H.  Hu.  "NiunericaL  SinuiLation  of 
Electfoosmotic  FLow,H.  Aiml  Che jw„  70.  il99S).l87n  Si 

1 10]  Sergey  V.  trmakav.  S.C..  Jacobson,  and  J.M.  Ramsey. 
’Computer  Simulation*  for  Microchip  Eleclrophoresis, r  u 
TAS  1  SB.  149. 

fill  in  ClfisstoiK.  An  IuifodiiClion  io  ElecirocheunisoyT 
Litton  td..  (19421. 


155 


Novel  Designs  for  Electrokinetic  Injection  in  ^tas 


Manish  Desh panda,  Ken  B.  Greiner,  John  West  and  John  R.  Gilbert 

Microcosm  Technologies,  2 1 5  First  Street,  Cambridge  MA  02 1 42,  USA 

Luc  Gousse  and  Abdel  Minalla 

L  uli  i'il'T  Tcclumlngi^  Ciorp.,  Mountain  Viirw,  C'A 


Abstract 

Novel  designs  ibr  electroklnetic  Injection  are  presented  in  this  paper.  The  designs  emerge  using 
TAD  analysis  of  [he  injecLion  process.  Tlie  designs  are  aimed  ai  improving  the  separation  efficiency  of 
electrokinetic  injectors  by  providing  a  narrower  and  more  symmetric  band  in  the  separation  column  in 
comparison  to  the  classic  injector  case.  Two  designs,  (he  first  using  a  three-step  switching  sequence 
md  the  second  using  a  six-port  injector  am  presented.  In  both  cases,  the  injected  band  shape  is  greatly 
improved.  The  corresponding  separation  efficiency  is  also  expected  to  Improve  and  has  been 
continued  subsequently  by  experiment 

Keywords:  ricctnokinctic  Injection,  CAD,  Simulation,  Switching. 

I-  Introduction 

There  is  $■  with;  interest  in  micron-scale  integrated  them ical/bi ocbcm i ea I  analysis  or  synthesis 
systems,  also  referred  to  as  l«b-em-a-ch[p  or  pTAS  [1-2],  The  basic  operations  in  a  typical  system  are 
sample  injection,  mixing,  chemical  reaction,  separation,  and  detection.  Systems  employing 
electrokinetic,  pressure  driven  and  pneumatic  mechanisms  have  been  successfully  demonstrated. 
Complicated  relationships  exist  between  the  microchannel  geometries,  the  device  operating 
conditions,,  and  the  behavior  of  the  multi-component  fluids  transported.  Researchers  have  hitherto 
been  forced  to  use  cosily  trial  and  error  methods  to  understand  and  design  such  micro  Hu  idic  systems. 

Computer-aided  Design  (CAD)  tools  have  emerged  in  tlie  past  few  years  to  assist  in  the  design  of 
these  systems,  CAD  tools  provide  greater  insight  into  the  fundamental  physics  governing  the  behavior 
of  these  systems,  and  allow  the  exploration  of  a  much  Larger  parameter  space  in  an  efficient  manner,  in 
comparison  to  experiment.  Several  researchers  have  reported  CAD-based  analyses  of  microfluidic 
components  [j-6].  These  include  components  used  in  injection  f3_4].  transport  [5.6],  as  well  as  mixing 
and  reactions.  These  analyses  were  generally  aimed  at  demonstrating  numerical  capability  and 
fundamental  undemanding  of  the  phenomena,  In  most  eases,  qualitative  agreement  with  experiment  or 
analytical  results  was  provided  to  demonstrate  the  capabilities  of  the  CAD  analyses  in  adequately 
simulating  tlie  otserv ed  physics. 

The  real  advantage  of  CAD  tools,  however,  lies  in  their  ability  to  design  -  that  is.  to  create  new 
designs  or  extend  and  optimize  existing  designs  to  make  the  components  better.  This  may  happen 
through  better  upkIct^  tan  ding  of  the  component  physics,  or,  simply,  through  thorough  examination  of 
the  parameter  space.  In  either  case.  CAD  has  the  advantage  over  experimental  techniques.  Insertion  of 
CAD  into  tlie  design  cycle  can  therefore  reduce  both  the  number  of  expensive  experimental  iterations 
and  tlie  time  required  for  the  design. 

In  this  paper  we  demonstrate  the  capability  of  CAD  tools  to  enable  better  design  of  jiTAS 
components,  by  specifically  focusing  on  one  component  -  tlie  electrokinetic  injector.  We  will  begin  by 
presenting  experimental  and  numerical  results  for  the  conventional  pinched  injector  -  to  show  that 
electrokineilc  injection  is  well  understood  and  predictable  using  CAD  tools.  We  will  then  explore  two 
mechanisms  of  improving  the  performance  of  the  injector  in  delivering  a  sample  into  the  separation 
column  that  is  more  ideally  suited  for  separation  than  the  conventional  Injector. 
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II.  Numerical  Methodology 

The  basic  equations  describing  the  fluid  moiion  are  the  Navier- Stokes  equations  with  appropriate 
electromigratory  flux:  terms  to  represent  the  effect  of  the  applied  electric  field  oil  the  earner 
(electroosmosisl  and/or  the  charged  species  (electrophoresis).  The  modeling  of  electnokinetic  effects  is 
incorporated  into  the  FlumcCAD  system.  Fli.imeCAD  is  an  integrated  Jcsiyrn  environment  consisting 
of  3D  design,  modeling  and  simulation  software  tools,  which  enable  the  creation  and  analysis  of 
complex  microfhiLdic  devices.  Inherent  in  the  design  flow  implemented  in  FlumeCAD  is  Lhe  alii  lily  to 
characterize  the  belia\  iour  of  a  device  as  a  function  of  the  various  physical  plieiioiiiena  in  the  de\  ice. 

The  switching  analyses  presented  heTe  assume  (fiat  the  electrical  field  sets  up  instantaneously, 
relative  to  the  species  transport.  Tho  species  is  also  assumed  to  he  dilute  in  the  buffer  -  i.e,.  it  does  not 
affect  Lhe  material  properties  of  the  buffer  during  transport.  This  allows  the  field  calculation  to  be 
decoupled  from  the  species  transport  the  switching  simulation  Is  thus  iednced  io  a  sequence  of 
electrophoretic  transport  simulations. 

HI,  Classic  Electro  kinetic  Injection 


The  simplest  switching  component  is  an  intersection  of  fwo  channels.  Such  intersections  are 
surprisingly  powerful  tools  that  enable  the  definition  of  sample  pings  aL  the  picoliter  lex  el  [2J:  this  in 
turn  allows  micro  fabricated  electmkinetic  systems  to  outperform  their  conventional  counterparts  by 
orders  of  magnitude  |[7]_  The  switching  coniponeiits  are  employed  in  separation  and  dispensing 
systems  to  inject  the  sample  from  the  load  channel  to  the  separation  channel.  A  typical  system 
employing  such  switching  components  is  presented  in  Figure  I,  showing  a  microfluidic  system 
fabricated  by  etching  and  bonding  in  glass. 

The  switch  is  operated  as  follows:  Lhe  drive  potential  transporting  Lhe  species  into  the  intersection 
is  supplemented  by  a  field  in  the  transverse  eliannel  that  shapes  a 
plug  of  a  specified  volume  by  generating  a  “pinch”  in  the  field. 

Following  the  pinch,  the  flow-  is  swept  from  thg  intersection  into 
Lhe  separation  channel  by  a  field,  while,  simultaneously,  current 
towards  both  top  and  bottom  helps  separate  Lhe  sample  plug  and 
prevents  Leakage  into  the  separation  channel.  A  time  period  and  a 
voltage  and/or  a  cuiTent  setting  at  each  port  in  the  design  define 
each  phase  of  the  cycle. 

Simulation  results  for  the  typical  switch  are  shown  in  Figure  2 
and  compared  with  experimental  observations  in  Figure  3.  The 
results  show  good  qualitative  agreement.  Greater  details  for  both 
the  simulation  and  experiment  are  repotted  in  [&].  The  agreement 
with  experiment  gives  us  confidence  in  the  ability’  of  the  CAD 
tools  to  predict  the  behaviour  of  elecirokinelic  injectors. 

Consequently,  we  then  Locus  our  attention  to  the  design  of 
injectors  that  have  better  injection  characteristics. 

One  of  the  parameters  defining  optimal  injection  is  the  band 
shape  and  width  in  the  separation  column.  In  (he  classic  injection 
Lhe  hand  is  the  size  of  the  channels,  broadened  by  diffusion  and 
field,  and  partly  restrained  by  the  ”pincb'“  current.  As  shown  in 


Figure  1  ;  Lab»On-Chip 
analysis  system  snowing 
network  of  etched 
interconnected  channels. 
The  intersections  of  the 
channels  Form  the 
injection  locations. 


Figure  2  the  plug  is  trapezoidal  in  shape.  Ibis  broadening  limits  the  possible  resolution  of  the 
following  separation  column,  causing  the  separation  column  to  be  longer  than,  necessary.  Designing 
injection  to  achieve  a  plug  that  is  symmetric  and  narrower  than  the  channel  geometries  is  therefore 
highly  desirable. 
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Figure-  2:  Simulations  of  electrokinetics  Ply  Switched  injection  (the  classic  injector).  The 
switc bins  sequence  has  two  phases  (load  and  switch). 


Figure  3:  Experimental  images  of  switched  injection!  (the  classic  injector).  Again  there  are  two 
phases  similar  to  Figure  2  above. 


The  shape  of  the  injection  p  I  i.i  u  lr  (he  interaction,  and  the  subsequent  separation,  is  governed  by 
several  parameters.  Prominent  among  these  is  the  geometry  of  the  intersection  and  the  switching  fields 
applied.  We  ha\e  explored  both  Lhese  options  in  out  attempt  to  design  better  injectors.  Se\eraL  designs 
were  attempted  -  we  will  present  two  specific  examples  here  -  first,  an  alteration  of  the  switching  field 
sequence,  end  second,  a  geometry  variation. 

IV,  Alternative  Injector  Designs 

The  first  approach  Lo  generate  a  better  injection  plug  is  to  insert  a  flow  reversal  between  the  load 
and  tlie  swilch  cycle.  This  allows  the  sample  plug  downstream  of  the  intersection  lo  lie  pulled  back 
into  the  intersection  prior  to  switching.  The  switched  plug  is  now  actually  narrower  than  (lie 
intersection  itself.  The  pull-back  also  removes  the  asymmetry  arising  due  to  the  pinched  field  -  the 
reciting  plug  in  the  separation.  column  is  both  narrower  and  straighten  than  the  conventional  injector. 
The  sequence  of  operations  is  shown  in  the  simulations  in  Figure  4.  This  injection  plug  will  yield 
shorter  separation  lengths  in  comparison  to  the  conventional  injector.  Experiments  were  conducted  lo 
verify  the  injection  sequence  after  the  simulations  and  have  verified  the  behaviour  observed  fSl  in  the 
simulations  end  have  demonstrated  significantly  higher  separation  efficiency  compared  to  the  classic 
injector.  The  smaller  separation  lengthy  result  in  higher  throughputs  in  the  assays.  An  additional 
advantage  is  in  the  reduction  of  die  field  strengths  required  for  ihe  separation,  which  may  have  added 
benefit:;  In  the  manufacturability  of  die  dev  ice. 

The  draw-back  of  this  approach,  however,  is  that  it  requires  an  additional  electric  field  switching 
step,  which  needs  to  be  controlled  carefully.  An  a  Item  alive  approach  that  has  similar  behaviour  can  be 
constructed  by  modification  of  the  geometry  and  retaining  the  two-step  switching  pattern  of  the 
electrokineiic  injectors.  An  example  of  Lbis  is  the  six- port  injector,  shown  in  Fig  me  5.  This  injector  is 
made  up  of  two  intersections,  one  downstream  of  die  other  in  Lhe  load  cycle.  The  pinching  is 
accomplished  in  a  maimer  similar  to  lhe  classic  injector.  As  the  sequence  shown  the  pinch  results  in  a 
narrow  band  at  the  second  intersection.  Switching  at  this  intersection  then  results  in  the  narrower  band 
being  injected  into  the  separation  column.  The  separation  efficiency  for  this  injector  should  also  he 
significantly  better  than  the  classic  injector. 
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Figure  4;  Reverse  Injection  Process  showing  Pullback  prior  to  switching.  The  cycle  is  accomplished 
by  a  three  phase  switch  in  the  field  -  the  load,  pull-back  and  switch  phases. 


Figure  5;  Six-Port  injector,  The  cycle  its  two-phase  -  a  load  cycle  and  a  switch 
In  the  downstream  switch  cycle. 


V.  Conclusions 

Novel  designs  tor  eleclrokinellc  injector*  have  been  presented  in  this  paper.  The  design*  use  a 
CAD  tool  that  has  been  \alidated  by  comparing  against  experimental  results  for  die  conventional  cross 
injectors.  The  new  designs  are  aimed  at  creating  a  narrower  and  more  symmetric  band  in  (he 
separation  column,  Hffcctsduc  to  electrical  held  sequences  as  well  as  geometry  were  considered  in  the 
designs.  Specific  examples  demonstrating  heater  Injection  hand  characteristics  for  both  case*  art 
presented  litre.  The  first  ease  is  a  modification  in  Lhe  field  using  a  pull-hack  step  between  the  load  and 
the  switch  cycle.  Ilie  second  case  is  a  modification  in  the  geometry  using  a  six-pon  injector,  where  [he 
switching  step  is  actuated  in  the  intersection  downstream  of  the  pinched  intersection.  In  both  caws  the 
band  in  the  separation  column  is  narrower  and  \jtraigHtcr.  The  resulting  separation  efficiency  is 
expected  10  Lie  significantly  better  and  has  been  verified  by  experiment  discussed  elsewhere. 

The  numerical  experiments  presented  here  demonstrate  Lite  usefulness  of  CAD  in  the  design  of 
more  efficient  dev  ices  and  in  the  optimization  of  existing  dev  ices  in  pTAS. 
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Abstract: 

Diffusive  broadening  of  a  low  molecuLar  weight  species  in  pressure  ilriv  eii  flow  is  studied 
using  both  experiment  and  numerical  analysis.  Confocal  microscopy  allows  experimental 
visualization  of  the  three  dimensional  nature  of  the  diffusion,  Numerical  results  support  die 
experimental  results,  and  arc  used  to  provide  insight  into  design  questions  about  devices 
bi  valving  diffusive  mixing. 

Keywords :  [)i  ffusion.  CAD.  Y- m  ixer  C  on  focal  Mk  roscopy 

I.  Introduction 

The  physical  phenomenon  of  diffusive  broadening  has  found  many  applications  in  The 
field  of  microti uidics.  One  of  the  most  common  is  diffusive  mixing  of  chemical  or  biological 
compounds,  for  the  purpose*  of  reactions  or  chemical  sensing!  1,2].  Others  include  the  study  of 
fast  chemical  reaction  rates  at  steady  state,  the  fabrication  of  microelecirodes,  anJ  Lhe  patterning 
of  various  compounds  on  channel  walls  |[3].  All  these  applications  require  a  detailed 
understanding  and  characterization  of  the  transverse  diffusive  mixing  of  two  miscible  fluids 
undergoing  laminar  How  in  microchan  neb. 

This  work  presents  results  that  demonstrate  the  three  dimensional  nature  of  diflusion  in 
pressure  driven  flow*.  Experiments  using  a  Y-mixer  and  a  simple  reaction  were  performed,  and 
confocal  microscopy  was  used  to  visualize  the  diffusive  mixing  in  three  dimensions.  These 
results  verify  simple  theoretical  arguments  for  the  scaling  of  diffusive  width  with  transport 
length  and  flow  rate.  Numerical  analysis  was  used  to  investigate  the  effects  of  diffusive 
broadening  in  devices  using  standard  fluorescent  microscopy  detection  systems. 

II.  Theoretical  Analysis 

Theoretical  arguments  to  predict  the  scaling  of  transverse  diffusive  width  in  pressure 
driven  flow  have  been  made  by  (he  Harvard  University  group[J]L  a  brief  summary  w  ill  be  given 
hero,  Using  dimensional  analysis,  lhe-  thickness  of  the  diffused  layer  in  regions  of  uniform  flow- 
ha*  been  found  to  vary  according  to  (D-z;Uinj'\  where  D  is  the  diffusion  coefficient,  z  is  the  axial 
distance,  and  kL  is  ilie  flow  speed.  An  extension  of  the  Le^eque  problem  is  used  to  show  that 
the  diffused  width  in  legions  of  shearing  flow  varies  according  to  (DHz-TU 1 where  H  is  the 
height  of  the  channel. 

ill.  Experiment 

We  fabricated  micro  fluidic  channels  using  the  'Vapid  prototyping"  technique  described 
previously  [3 J.  The  channel  structure  was  defined  phoLolitliogi-apliically  in  photoresist  on  a 
silicon  wafer.  L3oly  (dimethyls]  loxane)  (PDMS)  pre-polymer  was  then  cast  and  aired  on  this 
composite  wafer  /  photoresist  structure.  A  PDMS  membrane  with  the  negative  relief 
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corresponding  10  the  channel  structure  was  removed  from  ih e  wafer  and  scaled  to  a  clean  glass 
cocci'  slip.  A  syringe  pump  drove  [he  fluids  into  the  two  inlets  ai  a  constant  flow  rate. 


We  visualized  (he  region  of  diffusive  mixing  using  confocal  fluorescent  microscopy 
(Leica  TCS).  Fluo-3  is  a  commercially  available,  non- fluorescent  compound  that  fauns  a 
strongly  fluorescent  1:1  complex  with  a  calc i tun  ion  (Kj  =  0 39  JjM).  The  formation  of  the 
complex  is  diffusion- control  led.  therefore  we  could  visualize  the  region  of  diffusive  mixing  by 

observing  (he 

concentration  of  this 
complex  near  the  interface 
between  flowing  aqueous 
solutions  of  5  pM  flu 0-3 
and  1  mM  CaCU  (Figure 
1).  At  a  given  axial 
distance  z  from  the  point 
where  the  streams  join,  the 
diffusive  mixing  is  more 
extensive  {i.e.  the 
fluorescent  region  is 
Figure  1;  Experimental  images  from  confocal  microscopy  (left),  broader]  in  the  slowcr- 

Thc  corresponding  simulated  images  (right]  arc  qualitatively  moving  Jluid  near  the  wall 

similar  to  the  experimental  images.  0f  Lhe  channel  than  in  the 

middle  of  the  channel.  At  low  flow  velocities  we  observe  some  inteidiffusion  in  the  dead 
volume  of  the  Y-j unction  (Figure  I).  and  we  assume  that  its  effect  on  the  scaling  behavior  is 
negligible.  There  is  also  a  pronounced  asymmetry  in  the  diffusion  profile,  because  Ca"=  has  a 
higher  diffusivity  (D  =  1,2x10'^  ntp/s)  than  fluo-3  (D  =  1 ,0'Kl  nr/s)  find  because  of  the  differences 
in  concentrations  of  CaCl?  and  fluo-3. 


To  tesl  the  theoretical  prediction^,  wo  analyzed  experimental  data  with  Scion  Image,  We 
smoothed  the  512x512  pixels  images  of  fluorescence  (such  a1?  shown  in  Figure  I  )  corresponding 
to  100x100  mm2  xy  scans  before  the  analysis,  For  a  given  x  (on  each  image  wg  analyzed 
images  only  near  x  =  0  and  near  x  =  HC]  the  width  d(z)  of  the  region  mixed  by  diffusion  was 

taken  to  be  the  width  of  the  fluorescent  region  with  the 


Figure  2:  Standard  fluorescent 
microscopy  experiments 
effectively  integrate  in  the  vertical 
direction. 


intensity  above  0.2  of  the  maximum  intensity.  The 
spreading  d(z)  was  always  sufficiently  smal I  to  he  in  a 
flow  with  uniform  velocity  pm  file  in  the  y-direction. 

IV,  Numerical  Analysis 

Numerical  analysis  can  be  a  valuable  tool  for 
the  desigEi  of  microfluidic  systems.  Once  anchored  by 
experimental  results,  numerical  res-uks  can  predict  the 
operation  of  the  device  over  a  range  of  parameters  and 
geometries.  Numerical  analysis  was  performed  using 
FI  urn  eC  AD  [5]-  an  integrated  design  tool  that  enables 
the  design  and  modeling  of  complex  microlluidic 
devices.  The  Y-mixer  was  modeled  by  solving  the 
incompressible  Navier-Stokes  equation  for  the  velocity 
and  pressure-  fields.  The  steady-state  velocity  field  was 
then  used  in  the  coupled  solution  of  tlvrce  species 
transport  equations  two  reagents  and  one  product.  In 
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order  iq  compare  with  the  experimental  results,  the  effective  rate  for  the  binding  reaction  was 
assumed  to  L>e  Infinite.  The  concentration  of  all  three  species  was  assumed  to  be  dilute,  so  that 
the  properties  of  the  carrier  were  constant.  IThe  above  equations  were  solved  using  a  fully  three- 
dimensional  finite  element  based  CFD  engine, 

Many  experiments  am  perfumed  using  standard  fluorescent  microscopy  techniques, 
which  have  ihe  effect  of  iciteizraiinu.  the  three  dimensional  fluorescent  signal  In  the  vertical 
direction  (as  in  figure  2).  This  obscures  the  effect  of  the  three  dimensional  diffusion  profile. 
Using  numerical  integration,  the  effective  diffusive  widths  that  would  be  seen  with  standard 
microscopy  techniques  were  calculated. 

V.  Results 

Con  focal  microscopy  was  used  to  measure-  the  diffusive  width  aL  a  sequence  of  locations 
in  the  channel,  for  a  maxim  urn  flow  rate  of  16  cm/s.  Result  shown  in  figure  3  Zhzree  well  with 
theoretical  predictions.  In  the  center  of  the  channel,  where  the  flow  is  uniform,  the  width  scales 
as  the  1/2  power  of  the  distance  down  the  channel.  Near  the  wall,  the  scaling  behaves  as  the  1/3 
power  of  distance.  Fix  penmens  were  also  performed  at  several  flow  rates.  and  the  results  arc 
shown  in  figure  4.  The  diffusive  width  scales  as  the  1/2  power  of  flow  rate  in  the  center  of  the 
channel,  and  as  the  1/3  power  of  flow  rate  near  the  channel  wall,  which  is  in  agreement  with 

theoretical  predictions. 

Numerical  simulations  agree 
well  with  the  experimental  results. 
The  distribution  of  ihe  fluorescent 
compound  at  two  positions  in  the 
channel  compares  qualitatively  with 
the  experimental  results  (Fig.  I  )H  and 
the  simulations  also  predict  the  same 
scaling  laws  for  diffusive  width  as  a 
function  of  axial  distance  and  flow 
rate  (Figs.  3,4). 

Vertical  integration  of  (he 
three-dimensional  simulated  results, 
to  mimic  a  standard  microscopy 
setup,  git  es  some  interesting,  results 
(see  figure  5).  The  scaling  of  the 
diffusive  widths  with  distance 
depends  on  the  threshold  use d-  With 
a  Lower  threshold  (20%),  the  width 
scales  roughly  as  the  1/3  power  of 
distance.  However,  as  ibe  threshold 
is  raised  toward  $0%.  the  scaling  law- 
approaches  the  I  FI  power  of 
distance.  This  interesting  result  can 
he  explained  by  figure  6.  The  layer 
near  the  wall,  where  the  1/3  power 
scaling  takes  place,  is  thin  for  ihe 
flow  regimes  investigated  here  ithis 
can  be  visualized  from  experimental 
and  numerical  images,  figure  I).  A 
line  plot  of  intensity'  across  ihe 


Figure  3:  Experimental  arid  numerical  result*  for 
average  flow  velocity  B  ent's. 


Figure  4:  Expert  mental  and  numerical  result*  aft  several 
flow  rate,  Widths  were  measured  500  mm  downstream 
from  the  intersection. 
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standard  mrcioscopy  setups  depend  on  the  the  intersection.  The  shape  of  the  integrated 

th I es hold  used .  peak  explains  the  effects  of  the  different 

thresholds. 

channel  show^  that  this  results  in  a  wide  base  on  the  pchk  shsipc  {figure  6}l  so  n  lower  threshold 
effectively  gives  the  width  in  the  shear  layer.  As  the  threshold  as  raised,  the  total  amount  of 
fluorescence  Ln  the  shear  layer  drops  below  the  threshold,  so  die  1/2  power  scaling  from  tlie 
cet iter  of  the  channel  is  recovered. 

VL  Conclusions 

noth  experimental  and  numerical  results  agree  well  with  theoretical  predictions  for  the 
behavior  of  diffusive  layers  in  pressure  driven  flow.  The  results  demonstrate  that  three- 
dimensional  effects  can  be  important  for  the  operation  of  devices  using  this  type  of  diffusion.  If 
uniform  velocity1 2 3 * 5  diffusion  scaling  laws  are  applied  blindly,  device  performance  may  not  be  as 
expected. 

Numerical  results  have  provided  some  additional  insight  that  may  help  to  design  laminar 
flow  mixing  devices  more  accurately.  When  using  a  standard  confbcal  microscopy  detection 
system,  the  use  of  a  high  threshold  for  peak  width  calculation  can  ensure  that  the  desiied  widih 
scaling  witli  distance  is  achieved. 
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abstract 

A  deyipi  n,iL'il"ii!iJii--.i J.1.'  fi!T  evimeiiry  component  models  H-t  I'll  rid. 
dynamic  devitw  is  praeineii  flis  analysis  use*  Metncad's  suiic  lM" 
drsicn  I '.Mils  in  build  iIil*  solid.  model  and  perform  die  analysis  and 
pern -iimdysk  til  mdrai  ilie  pmntCtTK  s sanLalkflrrf  of  imemo  In  ill i-- 
paper.  W*  dt  imiciiCralL-  ibis  eapahilih  by  analysing  TWO  Ispes  uf  no- 
KioviDg^Hiffta  {NMI'  I  valves  used  m  mi  crop  limps:  Ike  lL i i la-; e r  type  2nd 
shir*  Ttah-typc  hJvm.  The  ivsiilis  indkafc  ilwn  ihv  7eslsnype  NMP 
VuJvti  Ikr  a  lira  her  pumping  L'Aheirney.  and  liken  Ibrr  a  lusher 
r  1 1  r>>  1 1  1 1  p>  1 1 L .  lbr  Lbe  same  Reynolds  number  I  Lem.  compared  Id  (lie 
dilTtevr  ivpe  valve.  Ifre  parametric  behavior  reponed  by  Memtad  vrni 
[hen  he  used  Id  .e l i teiafl r  a  rtd,u  rvil-order  model  Lbr  sA'sKati  level 
r.imulauons  m  a  :  tr  a  i  ght  Lb  nv  aid  manner 

Then:  is  cnnsLdcrabk  mlereriL  in  lecenL  years  in  Lbc  ilevrlopmenl 
of  m  iemfinmps  ns  conrpoiiHTk  in  imcToflindic  syslems  i  s  an  Fvmijk 
(]W7j  fef  3  review  y  ITicse  pump*  Impc  upplitfiiioitf  in  *  svidt  variety 
of  amah  Midi  us-  chemical.  haircnedical  and  eleekonie  coniine.  a  mi  me 
nihtTV  MkETapiimp^  han  e  Isvo  haoe  fornirf  id"  valves  iviih  and  si  ilinsul 
moving  pan--  (Fowbef  ei  al .  1995.  Geriach  Md  Wunmb.  i99$,  Ola  son 
eC.al.,  L-yS'51.  Pumps  willi  salves  basing  niin  mu  parts  base  many 
drnvsh&clo,  nl  ihe  mkio^alc.  Wear  :in:l  limyne  -nT  ike-  mining 
eumpuiienls  ean  Laasr  mlueLn/n  m  perle-mumiM  and  ielL-*i][[y  JIilv 
are  nol  LiKidueivr  (d  liindline  imillipaasc  (buds  heea.ise  of  potential 
elegpLiig  P ihTM p vsilh  salves  ss  ilhitul  rnnving  pan1-,  linve-  hi  aidflearii 
ad\anlap.-d  beeame  h>1  Ihur  uinplieih.  vme  iiiHiulbrfaie  and  -alidily 
ns  Irarr-p.in  mulLipJiahe  Jlmd:«  Thev:  pamps  comut  of  a  Jluid  entity 
and.  u\i  '  %  ilk  cr?.  '•vill  i  nn  ixeillmmii.  pr-cs:-.iape  r n : I  1 1 1  applied  mrpwa: 
[hem  Ibfir  pnneiple  df  Operaiciem  is  haMii  <u«  ibf  reeLificaAinii  <if  Ike 
Iliad  "by  line  vakva.  For  Ike  i^zrne  pres'.ure  ilmp.  die  l]mv  m  llx  ii  -rr.  ard 
diiwiian  iIinio^Ii  ihvm  v*]vt3  it-  greswr  diaa  [Tie  flow  in  ih e  reverse 
■Jireei.M'ii.  Lil  a  -l-. ■  i l I i = i u >. ■  a  --  iyele.  dierelrm-.  [here  is  a  ael  IraiLsp^irl  (nicn 
die  iipai  id  I  be-  ■'•nlpin  fmrt  pf  Lhc  pianp  The  different  in  ihi-  flow  rule 
in  [he  forward  and  reverse  diredkm  is  de|^ndeai  oil  (he  relative 


mapnlLde  of  ruial  iixinl  aikd-'or  converaenL  Ikiiv  pk:m:«nena  in  (lie 
vnkiM  in  -rmt  dnedinn  ciYmpored  ii>  rhe  iviheT  -tii>nd  du- ijiii-- 
generally  aim  ai  tiiA^vrikiyuig.  ihis  diiTcreate 

An  appropriale  dcsicn  meLhodolocy  lor  diehe  pamps  ir.  iliroa^h 
a  wpHmi  model  ihrrl  is  linked  on  independent  i  niMlek  fur  eneh  pf  ihe 
dta'iM  L  aniparh.  nl'.  Lbr  pumps  bsme  a  le^enaaee  I re^naie^  dial  is 
Je  pen  Jem.  umung.  dIIkt  llniie;.  im  die  inas-i  of  Ihe  Iliad  in  Ihe 
vtdvti.  The  design  of  [he  valves  is  therefore  oriiical  lo  llue  oflieiotii 
Dperalum  dL'  Ibrse  pumps  IJesign  eunsidiTalKini  ahu  inrlude  'lie 
eilLciericy  oY  (lie  valves,  deiined  a-.  Ihe  rnlai  of  llie  neL  llmv  rale 
dirough  (he  valve  io  [fie  average  flow  rme.  and  (he  r esromee  (m-  flow 
lii  llx-  ■  al'i'.  Adiiilnnai  !;insid.era[|i.iiis  meladr  [lie  tni|uiiies  and 
umpkludc  of  puiap  operalion.  A  gciud  Je-aaa  lor  ihesc  salves  is  an 
optiaial  comframise  he [ ween  ihe  dioditicy  and  iht  Hosv  resi^aiLev 

Syjilenr  models  of  pumps  svilli  NMr  s  aJses  vs  ere  devrlojied  fry 
OImph  "i  ill  (111951  mid  in  ii  more  -.luLLiled  manner  in  Ifardell  ei  al 
(I997j.  These  luedela  use  compofleiii  models  derised  ilie^irviically 
and  s  ahdjled  hy  uimpanssm  vs  illk  c.-Kperimcnl.  AccuraLe  cmnpoiierL 
misdek  jre  -Ls^cnciiil  Lo  “lie  ^lese-livprnei  il  of  a.  vs  <[onit  ikiisdel  Ihnl 

uLk.«|Uaiek  characterizes  llte  keh^-iet  of  lK-  svsttru.  hdi\  id.<al 
emikpemenl  madrls  are.  benst'ser.  k:ird  Id  e?ilrae[  HtpernmnLuIfy  m  a 
Li-irple-ie  punkp  Knmerieal  meihods  ein  hisvses^er  he-  used  lor  ihF 
purpose  ami  urr  lbr  Idlus  ul  ibis  paper.  Wr  prrsenl  kerv.  a 
Jnunesvnrk  lo  drselop  a  compcinjenl  inwrdd  lbr  (he  NM]1  salves  a-ane 
i  lie  cflf iihililic---  ofihe  hfr=nsend  system 

:'un:ps  ivilli  N.%-1  sadses  hase  kidu  rlD  Ini  n  designed  sising  (he 
dillii-sur-Lypc-  valves,  ((.lerlaeln  and  Wumias.  L9&5.  Dlssen  cl  al.. 
KJ95J.  A  second  dcsip.li  lImi  h.m  heeik  'niple-momesl  li^es  ihe  Teski 
[ypr  salses  slie^nn  m  h^.  1.  DlIujIs  dI'  llx-  de-i^n  -are  diseussid  in 
I'orstcT  er.  2]  A  ssslem  niidel  harifd  i:n  nidividaal  mo  lie  Is 

far  [hv  valve  mid  ehnnaber  eompumtnb  was  deveh>ped  using  an 
analylir-a]  salse  resislamv  iruiJd  hasril  on  Uie  as^mupLiun  of 
Imniiuir  flosv  A  more  neenniK  repie-senliil  iim  miuln  he-  sl  full 
huuiefkal  soIwloil  of  [hv  flow  Lo  exineJ  like  s^|s  c  reairioiKe  Iti  (his 
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fniw.  v.v  dtmoiKiraic  ibs  tapahilily  of  Hie  hdleoiMd  sffh'art  f<i i-  dun, 

pilTpOXL'. 

We  MiLiuliJlc  and  analyze  holh  Ihe  Tesla-type  mid  Ihe  dilliiscT- 

typc  NMP  vilvea  afidtompflit  foe  revive  ptrionaaitt  of  ihc  two 

NUMEKIT-'AL  SETUP 

The  hIMF  valves  i: hp.i :-,*j-ti  here  voire  analyzed  uvnu.  hfienreoun 
TedicologLw'  Mtntead  software  tool.  This  tool  compriMe  -of  a  layout 
and  process  design.  phase.  natncnatic  cotiitnirbM]  of  solid  models  mid  a 
i l i I l!  of  rmilii-d-iimain  nikd  muple-d  domnin  solvers  fsr  si  widii  nmue  of 
MUMS  oiuJ  cinitr^flutdie?  pj-tfolcttf-.  A  higher  layer  of  afoiidalKin 
rufiugumunl  cnuhLcx  foe  cstnulLoik  of  Liimpiincuc  models  hy 
xivnpl  ify  illy  Lhif  specifkaiion  of  piiniikieLrie  variations  rif  mleresl 

'flu;  tluid  dynamic  pre+lem  WM  &tlkcd  iriuig.  u  killy  ihrvv- 
■Jini'jn6-  i.ti;iI  Innlc-cLe-me-nt  bused  solver  far  the  Novum -Si  ok  ex 

eqiMfLona.  Thftt-d knee hoc ali ty  cannot  ho  ignored  in  foesc  problem* 

■MULL'  Ibv  tuIsu  of  x  or  I  bee  jrj  (cuinuig:  :1k  prfnxllnir  drop)  10  :1k 
volume  <1kc  tls-Wi  ratei  is  siuni  licont.  Even  ill  Inch  flow  rate",  iIk 
We-ynnldi  iHiirihor  is  Tdoiive-ly  small  on  Hie  ondeT  of  '2Wl-JQl> 
fiLLUOXV  uf  IIk  Mlixll  dllllClUIXMlX  <li  ibl'  OIILThl-  '  lil1!  Tl.  I  tlL'  111.™  IS 
ike  re  lore  I:uiiiil:l  Imikk  of  mesh  reLiikciuenl  weie  resolved  "hy 
requiring  m.iiniriiilly  m  leapl  leu  uodea  wkhui  i'-n;  boundary  layer.  Mt--.lL 
independence  studies  were  conducted  to  verily  foix  >j i vn ;-i r ; 1 1 n I  Mid  me 
■; 1 1  , l i l--. -- pj d  briefly  helow 

hi U DLL  CDNSTkl  CT10N 

Th*  xrLup  for  Lhi'  minis  ms  he^mi  by  euiixlruvlciig:  -a  layout  for  Ike 
dcMiK  imde-T  co  iw  id  cm  Li  i  »i  In  ifiis4  enxe  Ihe  Uiyoul  owed  in  Ihe  p-.unp 

designs  were  ai  aflabk  in  CCF/GDS  format  ITiv  proceas  u^od  for  (Ik 
I r i ^ u r i ■  1 1  is  us  llxni  specified  m  Oil  prnvcsd  editor.  I.  king  Men  lead's 
Me-mlmilck-r  (t  ALe-rheriJ.  el.  nl  1  995)  module.  a  solid  model  v.  ns. 
cunxIruLlcd  auluiiLiilLLully  It\'i:i  IIl>.  musk  mid  proccs-i  dcfinrtirtit  m  I- 
DEA5.  The  solid  model  cons:  rue  red  fur  Ihe  'MS  scvliaik  lx  shown  ml 
I  ip  I  The  cniislnjcled  in  add  win  [hen  meshe-d  using  panilvilic  hrkk 
elnnL'iiIs.  blow  syinimlry  W*i  -assumed  in  LIk  duplk  plmie  ilk  liu'  TtiJu- 
lype  mhe-s  mid.  in  Lhc  dupiik  iind  LransvmK  pinne  ml  Iht1  diilii-mr  vulves. 
Thi'-.  :L-,-.unLp[ii  .n  pTeilly  reduced.  Hie  unimher  of  element  required  and 
made  the  cnmpiJtirifou  tradalble  i  -ti  acotwculfotkid  wintswlioe. 

RE  S  fULTS- 

In  fob  sttiioiL  re^uJi'.  fof  Mi  w-pv*  uf  vtlm  are  presumed  We 

v.ill  bv^m  TV  nils  ;i  hrK'l'  dismisM^'ik  uf  hilsIi  ri'tirxnH.n[  iiSULK.  IIk 
TciJn-typc  valve  c.  dLSLU-iscd  next  uiLluiiiikc  ■  ;iIiJju-..ii  ivliIl 
experiiKiUal  uKtaivetnenta.  Pimily,  resuLis  fcn  ilie  diffii'-eT  valve  are 
prLHrnlLd  mid  Lnuipund  wilk  expernibint  mid  wilh  like  'TusJj-Lypv 
v  elves. 

^I^l1  KL-ii-nii>Liir  id  any  rwn&eri,eal  ajmlysb  iIk-  abiliiy  of  ike 
diaomiizad  mesli  10  aivuruLeh  njpnttiUl  uil  llx-  llaid.  pin  isk.-v  is  itiLkmI 
so  iilliltsiil-  Milutiivn  oflhc  pMhlcn  In  this  sinnk^H  ihe  peTfonkiiiiKe  of 
Ihe  yalve  ^as  nfoiamed  by  conkp«1ing  ihe  flow  rate  inJowd  hy  uil 
jgipdKd  peexsure  dLllcivnliiil  mim-n  IIk  vulve.  I'he  induLed  JUnv  Vi  Uh  a 
fkinciion  oflliLid.  K-hLsionLL  ■. 1 1 l> j  lo  Ihe  riili'c  wnlk.  .slid  louer.  in  njp.iixnr. 

of  Bepafafcdnffow  Inadequate  rewUitJon  of  flic  flow  will  micfatiiiiHle 

]i:r. und  preilicl  inLiwr^^l  rcsutls. 

In  our  nnalysis  the  iikdcp-miilcficc  of  Ihe  prcdiLLis  -n:,  fnm  Lhc  me?ih 

reHH;ilmii.ni  was  rmatyved  by  '-uecessiicly  re  lining  foe  mesh  and 


eompurting  ilw  flow  for  one  pre^r-e  dirop  flie  eompufed  (low  rate 
ik ai  Llre-ii  ploltvd  ugoninL  cIk  iiksIi  xis.l  mid  ihowu  m  big  2  fur  u 
pressure  drop  of  <1.1  aim.  am  upfinipriuLc  KsiJutiu.n  was  IBil'ii 

exiraeitvl  from  ihi-  ewe  at  iIk  eonvageiKe  of  rhk=  eonifHiied  flow 

mLe. 

il'i-inpLihiLii-n:,  were  ]ierfi>rmed  nl  snoraee  e-lemeni  vi/c  of  5.  lib 
and  22  rnkmua  in  foe  irnn-Hkef-e  direction  ialetfig  wifo  Ihe  twa- 
dimctiiLoika]  ease).  ] Vi i eecneipond}  1o  22.  LI  and  5  parzni  lie 
ek-nK-ntx  acrokj;  [he  inlrc  (the  valve  inlei  jiotI  widih  n  1 14  nv  L  r.iiis  | 
As  iIk  li.ti.nv  shows  there  was  a  coil- idem  hie  differeinir  bcfwwo  ike 
22  mi  lit. n  erul  Ihe  Ifl  mietuoi  rate.  IIk  differcn.ee  hetvieeik  Hie  Ik 
micron  and  n  micron  case,  wax  In™  ever,  rslmi  .n  negligible  I'iyt  ihik 
reteKirt  WS  tbuse  tire:  10  numm  cohl-  -as  ibc  biuLLnx'  Ibr  iJk 
caLcuLalmns.  Mike  IIimI  IIk  wax  luehly  strclebcd  in  the 

fruiHV  er^s  dii  Ection  ( from  cent  erf  int  o>  w  aLIj  llherdoi  e  line  -el  ecu  cm 
diK'krxis  in  Liu'  KgK'ii  ikmt  LIk  wall  ix  Ch'ik-iLd'.Tuhh  kis  Elian  the 
average 

T---hl.i-n  ne  kaho  The  I'JS  vnlve  ix  ximilar  hi  foe  T4S-K  \  al\e- 
(I'unkT  lL  ol.  19^5?.  LALvpt  LliuL  il  lias  a  suigk  kx>p  as  xliuwn  in 

IVg.  J.  I!  :aeh  vhuiwd  is  11 1 4  pirn  wide  wiih  a  I2i>  urn  ctvh  dopth  As 

dixrusxed  be  lore,  the  efficiency  nl'Lbc  i1. lives  is  largely  ikpeisdeiLi  on. 
the  difference-  in  ihe  fowv  pfacnoutena  m  the  fi >tv.  ri rd  jnd  ve-verve 
direcLion.  Itie  presence  of  rotalLoikakly  ;iil:I  rcnlLachmenl  in  the  flow 
kuereexex  Lhix  itiffcrcnce  orsd.  thui..  the  valve  eHleie-Tiey  The-  Juop  it 
gtHimctriculh  Jcaifikcd  lor  then  purp 

Ihe  mesh  used  in  ll>:  -iiimilanons  is  shown  ml  1'ie..  1.  As  in  the 
difTikser  case,  like-  smiiLilnliiMV,  kviik  :idk  iinlnge  isf  flow  syininelvy  in 

the  dejsik  direcliou  (norma]  imo  foe  plane  of  ET ci.no  j>  A  -  before.. 
oviy  ullmiatv  i  lcmcikl  ix  shitiMi  lii  Lire'  figure  lor  dunly.  Thi  iikxIi 
u-.ed  nppri>vini:iK-h  3050  pardhulie  brick  fmife  elc-mc-nis  Ihe 
prublcivi  is  us  XCL  up  hy  upphine  rmmul  slrcsx  hw ■  mi LOndiliiifis 
on  ItiL*  iiilcL  and  es.il  iiis-loiiilc  liilb.  -devc  loped  flow  at  IIk  jiiLcI|. 
msd  applying  Ihe  reqickile  ms-slip  and  iy nm wiry  conxlmivils  rm  ihe 
boknifoiriL's  I  Ik  tlo^  tmIc  ^os  then  c^in  puled  Ir'  cn  die  jvxuJLs  k>f  :1k 
sicnulotiixn.  Td  gene  rale  IIk  required  rcsi'.rmicu  curse  of  pressuie 
i e-rsus  flowTale,  ihe  applied  normal  xlrexx  was  varied  over  a 
spcciLlcd  range.  Tins  >  -anulim  in  Ike  boundary  eenililiims  w-m  ik>iK 
Lhroiig.li  Meiticiidx  SimuluLion  Kfnnager.  which  utk™>  the 
specificaiicn  of  ai  i^w^mciric  ybrvIhhi  in  «  Kiuniten1  reiibduioiL  value- 

and  Lslrucls  |Jk*  requiri  d  eurkcs  uf  inleresl.  Jins  inLLlianism  grcully 
redneed  uier  iniervcntii.M  mid  simplified  :lie  sdup  rind  annlykis  i>f 

the  prohl«u 

I  ml  Ii  mljiliiI  l-AI'.iil  n  ijuired  appruxmi^lL-|y  -I  bsiun  uf  CPU  lime 
on  a  worksluLion  1 2  ID  Clblbf  lor  convtTceiKe  Ttie  resells  Lh:nn  the 
compfoaiiofiB  sre  alwwn  in  l  igs  4-7.  Fig  4  shows  the  preaaire  Hold 
u1.  er  u  s|ilv  plmie  tlicuugh  the  eenler  uf  Lhr  sadke  puralhl  tn  :lie 
phire-  i>f  1  be  Hi™  lor  n  pressure  dnip  of  I!  2  arm  Iflvllk  Ihe  Jisn*.  nriL 
and  restne  direetnDmi  mv  stun  mi  hi  iIk  lig.irc.  In  Ihv  forward 
dirccliL'H  Ibc  prciEsure  drevp  was  icluLik-e-]y  uxadual  oi^ct  the  cere 
region  of  Ihe  k alike  Ihe  pressure  dn^p  in  Lhe  Te-ver1-^  dircelkin,  on 
the  oibcr  kwd-.  iodik-nicd  foe  preaeiK#  of  a  attgiHriiorL  re$ loii  -hi  ihe 
mLcnccLMHi  of  Ihe  Lwo  arms  of  the  valve.  The  inLXMULng  flow 
sepamtfd  annind  this  xlagihuioii  point  nnd  coin  eroeii  later  ue  ir  ihe 
exit  pluiK  This  gconKitk^ilLy  iikliKyxJ  rottriiom  mud  '•ubscqucni 
eonrcTeeikc-:  of  the  flow  ivas  dramatically  dLlleienl  Jmm  the  flow 
ptOKtu  u'i  foe  fi.irkk;ird  direction  This  was  even  mo  re  ck  IiJUtii  in  ihe 
■.vle-LiLy  Vector  IilUI  for  lire:  L^ko  cusvx,  iboWn  in  Tig.  5.  In  lluv 
Jorvionl  dircLbun.  :ke  flow  hardy  xenxed  Ihe  presence  ,■  I'iIk  "bleed" 
pkih  und  ^ae  drived  entirely  through  the  riraighr  kg  of  foe  kd \n. 
In  Uil-  re--  cr--e  direction,  inn  (lie  >.>IIilt  hmid.  the  Hoik  xvparated  iiiJHj- 
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(he  iwi>  lcffs  mid  ra  con  raged  at  (toe  downEdrcam  i  till  creed  ion  The 

UKrcasL' m  |]h~  Lrarv  l  I  path  of  lb*  1km  and  :1k  imtnienluiii  iiiEcTuclLon  uL 
:1k  convergence  of  the  two  paths  resulted  in  u  greater  pressure  drop 
This-  Mibb  «  irBie*Jc  in  tlx  djixheity  and  thus  m  ike  efficiency  of 
:1k  valve 

The  Dow  rue  indiKud  hj?  ilie  diffcrcncml  pressure  is  n  in  (he- 
graph  in  Fig.  6  over  a  range  of  prc&swt  drops.  The  expcnnacnriBl 

measurements  are  also  stimviL  in  the  kgiuc  'ITie  --imul JM-.-iir.  sfiuiYL'd 
rc-i-rarmhlc  np.ru  urn  uni  surh  ex  permit  nr  is-ver  the  range  i>f  pressure 
drapisiniulsdcd  I  In-  ret  flew  mu.-  generated  from  (he  yafve.  defined  as. 
(he  diMcrcncc  ml  the  JLow  rate  in  IIk  Ibrward  and  wveem  direction  Jut 
(he  hhk  pressure  drop,  k  shown  m  l-'igt  7  os  n  fundion  of  (he  applied 
pressure.  I  jil'  efficiency  of  tlx  ■»  JVfr  ik  lined  at;  eIk  net  flaw  rate 
divided  by  Lhu  average  flow  rule  is  shown  ml  Fig,  H.  In  hoik  casev. 
espcfinKtKfl]  data  c.  aleo  shown.  lhe  ainvublkiaa  tend  o>  tHtJerp relict 
:1k  net  fltm  riflfi  shglklly  IIk  agreement  hoWftVtf  is  TCLCioiiubli 
satis  lac  bury.  mil.  the  huhavinr  siJ'  Ibe  device  ivas  accurately  ■:  op  lured 
These  eun.-E.-s.  in  1-ig.s.  6-H.  csvenlinlly  represeni  Lhe  cumpumcikl  mixiel 
lur  :1k  valve  dial  can  then  K~  uicil  an  ibe  system  model.  IL  cs  iiiipurLraiL 
(o  nolu  here  lIi.il  these  cunms.  am!  eventually  IIk  system  model 
reprtwuiaEion  of  the  ■■  ah  e.  were  oNamtd-  from  a  dfigle  Mcmcad-  mi 
wiltwul  intermediate  uki  intervention. 

I JilV.i-K'r-:sTK  Viili  i-  The  TJ3  sake  usee  in  this  analysis  Ilk  n 
a. Ln i  elfiJi  duplk.  a.  Lid  pm  wide  Lhrisii.  a  dilluscr  section  L1R]  luil  1i:«iu 
and  322  ion  wide.  and  a  mwle  srcliuik  -1 1  9  pin  lung  and  792  pm  ■.side. 
The  (lknIl  uwd  m  the  aulysia  r*  show*  in  E-ig  <?  Eivtn,  ste^d  Quite 
cIciikiiL  is  sdinwu  fnr  dun(s  IIil1  mesh  luid  a  lolal  ol'  2SK(i  parani  dic 
hriek  element  ^iwnpiiinliim  IkTTKrs  lii  the  diiTikser  s  ils  e  c±>:e  Vi  ere 
wiapaialile  (o  iht  TJ5  ca^e  diseased  a ton*. 

The  pressure  Jkld  tor  one  repicseikliilr.c  cmnpulailLon 
cmre-spciniJknit  1i>  a  pressure  drop  of  l>  2  mi  n  k  shinsik  in  Fl|.  lJ  111  (he 
forward  dim/lLon  EIk  prosnri:  dr.ip  iH‘as  relaWt  ly  gradual  IkTougk  (Jk 
dilluser  rcoLon  ]□  the  m  ersc  diiTLliuti  (he  drop  viax  murh  mure  rapad. 
&  experted  br  oojile  flow  The  ellfcei  of  the  asymnietry  k  seen  in 
J  ie  10  shm-siiig  tlx.-  ptviMCt™  > cr-u'--  :IUm  rale  cursca  user  a  Tange  nf 
applied  pres-; urc-;.  E  Kpenmeiklul  dala  is  also  filoltrd  on  Oils  graph 
(sv  mhnlsj  show  ins;  reii>.inrililo  nureemem  hehvccn  expeTUOMfl  and 
siniuiarimi  U>r  hoik  Llie  ■dill.i^::  and  (Ik  nOZlIfc  diKLlLsin.  IIk 
grnmetricaL  asymmeby  rvus  manitrscrd  in  Lhe  prrsenLT  otTeeucnlasioii 
reyh'ii-,  in  lhe  now  in  lhe  myylc  dneciioM  The  recmikTiKiik  res;iiiii 
essenlialLy  decreased  IIk  aiailiihle  :losv  area  Incally.  leading  in  a 
higher  oieniH  pte^Miire  drop  mvil  ii  decreased  flnw  rule.  In  like  dilliiser 
diiwti«il  wi  ihc  other  hand.  Lhe  flow  remained  amoolh  L'lk  oei  elleei 
of  IIk  Ks  nmKlry  «as  lln  diJkreriLV  m  Oil  lli^-s  rate  ui  EIk  torw^rd  and 
che  re-verso  direelian,  svhieh.  mi  dkeikss^d  hi- hi  re.  pn'-s  ides  the  plumping 
effca. 

v,'.. nil  . -i-. hi  hL|.4LL-n  Hue  iiilahk*  icsuks  Sic  eIk  lisla- 

lypc  and  the  ]53  salve  allow  l*-;  Id  compare  ikeir  perLonnance  m  the- 
o.ML ligiiralnmii  that  wen:  (ciDiil.  As  discussed  hck'irt,  Lin:  difkrunev  in 
ike  JLosv  rate  in  Lhe  lonvjsrd  and  reverse  direct  nci.  and  :kcre  lore  IIk 
iiiIic  efTIcieikey,  is  dependenc  on  like-  r-clamc-  mngnilnde  of  mliiLioniil 
afiiL'ic  ujiiviTgLikl  IIosh  pliuxiniaia  m  (Jk  sulsea  in  imt'  -drvclnin 
■:ompar«jd  In  Die  udier.  ITie  Teslu-Lypc-  valid  is  geicneirKally  designed 
in  tncrea.se  ihesc  eftfrcls  and  [herefiiiTe  lvmild  he  ecpecLcd  to  hiisd  a 

greeter  net  How  rats  arnl  efFtcicficy  kv  ilte  same  plied  presmiB  do.'ip 

]  ignrrs  LI  and  12  compare  Ike  Slow  rate  induced  and  Ihc  ellkicncy  of 
die  selves  respeeri'.-dy  /Vs  iIk  fijwtn  sl»w.  m  iIk  euntnt 
■uVinligiiraLioii.  Lln-  Lcsla-Lyfv  i-ulsc  gL'iLcrries  a  larger  llo^  Talc  Ician 
(he  132  vjIvc,  and  jl  a  higher  elliuency 


l.'iW  «ir\«  tiiek  t  igs  ]  I -]  2  an  anchor.  cm  now 
nikpknH.niE  Mrincad  in  tin'  nniTH  design  pnihkin  ut.,  E-u- 
delenLimu  the  op:imaJ  nniklieiiraLhci  tor  the  highest  uHLciuikv  in  (he 

yiJvB  ^Eudied 

corstLiisjorfs 

Micro  pin  nps  is  nil  NMP  raises  are-  n  pneniting  new 
ids',  ek'ipnttin  in  iIk  microfluidicB  field.  They  have  several 
advantages  over  LLCivenliunal  pumps  in  terms  of  relLahdi(y  2nd 
reiuced  ivenr  The  dL-  ign  nf  iIksc  ikiicvopuinps  is  slncipk 

dtpvitdyin  on  the  -d^idieLiy  arid  the  yharae terries  of  the  «m«iort 

membrane  that  doves  the  pump  and  the  fluid  mass  lor. nigh  (Ik 
piump  A  gisod  design  aniilysis.  i>F  o.icli  n  device  ks  de[>.%nilenl  imi  a 
g.iod  lyiEein  modcL  whtuk  in  lum  is  ikpLiKku:  on  g^ind  o.iinp.iiLcrl 
models.  Indiv  idual  ccnupomenL  mndds  arc  luird  to  extract  frnm 
v>:pv=ruiLeiit*l  analyses-.,  hit  i-fo\  lx-  -entraeted  tWn  nwneticBl 
simulations.  I  lic-r  -nrmlLriioiLS  mn  d  to  he  aiivbuccd  Viilli 
experjucnLal  daU  Ebc  validalinii 

In  [his  pnfKT  we  luve  deuiiwiwrnled  [he  trip :ibi lily  of  lhe 
Mcmcud  sn-ftwarc  in  (Ilc  design  ana.lv  ms  of  devices  bf  thn  nature. 
Sue-uric  with  [he  luvnul  Mid.  a  process  dcfmuiou.  the  solid  mcdel  can 

lx  aut^mariealk  $eikef»ed-  wUhtn  Meoiie-ad  add  allowed  with  an 

aradahlc  suite  oi'  soLvurs  and  a  higher  level  of  sini-.ila:ioii 
im:Mi. iccimeim  (rs  eslruel  piinunciric  curves  of  inrcrcvL  We  have 

applied  cIit-  ea|^hilify  to  tlx  mi  a  I  y  si,  -uf  a  TeslaHype  valve  Jind  a 

diJfiner-Lype  vaJie  Lu  4.'Jdiac(  (Ilc  LdieTLiiey  of  (Jickc  Vulvos  iiV«r  a 
speekfied  ptesuire  nuipe  The  resulih  indienle  lluri  (he-  T4S  vnlve  is 
yonsidtrshlv  mow  yffkiein  (hari  the  ]jj  diffuxr  v*1ve 

An  iittpOrUnL  aspect  ofllic  sunulaLnins  prestmEcd  here,  llkot  is 
i'kil  easy  to  describe,  is  IIk-  ease-  of  pr-nhleim  veiup.  nmnlysit  mid  pivsi- 
anuhau  LliaL  is  iiiadL'  possible  by  the  ek->ign  Iwh  aioil^hle  (luougli 
Mumcud. 
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145  valve. 


Av-iirjga  Elam^ni  5-ixi  |  jj  mj 


i  it:  4  :  PixssiirL  ■  in  :i  .slim  pl;m^  ihn.niij.h  Limlc-T  Of  Valve 
lJlmi'ilili  .  Upper  figure  is  for  forward  directiMi  now. 
Unils  of  pressure  arc  MPu  . 


I-jg  1  :  Mesh  Impendence  sludv  foT  T45  halve  Avenge 
demervl  size  is  fix  a  cuhc  of  spu allied  ■; !.■:■:  ever 
domain. 


I;ig  2  ;  Mesh  iscd  in  die  145  valve  wi  leu  In  I  bn,  t-^very 
ilIlli  il:i[l  dement  is  shown.  Mesli  L’Mmponb  Lo 
QfffosiinHLcLy  3im  pornbolb  bnek  dements. 


l:'ijL  3  :  VizIcNLiily  VlcIot  I1l:M  ini  ;i  ■-. I i i: «_■  phui^j  lor  llow 
LhiuLivli  I  he  T4J  valve  eLeawet.  Specified  gwessaro  drop 
is  0  ,2  nliriosphcTvs 
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R*W4Jn* 


0.4 


Ry.  6  :  Pressure  vs  How  rale  in  forward  and  reverse 
direclkMi  li-.j  T4j  valve  and  comparison  with 
experiment, 


I  Eapt 

0  3  -  ■  GmulaUnr 


0  1  -  ■  ■ 


■ - - - - - ■ - - - - - - - 

n  a  i  c  j  p  a  0  4  ns  nn  nr 

Prmure  Drpp  tatm) 

Fig.  H  EiTkkney  erf  Trala-lype  valve  (radio  of  nd. 

Im  avuragL  111  iw  nul^)  V.\.  prussLinj  (imp.  fr^inpunMMi 

between  experiment  and  simuLutfon 


I  g  7  :  NuC  I  lm\\  Rjlii  an  lush-Cypu  vilIvl™ 
(dlflenejice  Ln  forward  and  re  verve  flow  rides)  vs. 
prussun.'  (limp.  C^sffflpunsfyn  hoiw^Lii  LspjmiiLiiC  and 
simulation 


Fig  H.  ■  Meab  used  in  diffuser  nanpuUriknia.  I  lie  three- 
dimensional  HKsh  has  appiminialely  2ftfi4?  paiJ.ln.diL 
piemen  H 


j.i-iJ'J  O.U-lH  'j.'J'lh  U.'JlT  CjO  3 


F  fo  9  :  Prtssun;  Ik  U  mu  j  xlfoii  phiriL  [limugh  cliiIut  i>f 
dltliisej  dement  section,  The  upper  ligurc  is  in  the  dltliiser 

diTU'j!  i l iff i  meilI  I  Ik  kmiur  line-  iik  ihu  nii^/k  diTUL  l  n  in 
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I'ig  10  :  Picture  vs  flow  rate  in  Ji.nwurd  ami  ncvuTsc 
dilLLiLii.n'l  frit  (hL- 1 >3  V;i]Vll  au'id  LXrftifhli  l-.;-jl  4  IlIi 
CKpcrimcnl. 


Press  uiw  Drop  (alm| 


Figure  12:  Comparison  ordtlcLcnriesi nf  Tesla-type  and  P3 
vjiI  vlk  wi  l  li  pnuviim!  limp.  I  llldmirv  is  ■: I 1  i 1 1 l: ■. I  ;is  I  Ik;  nil  in 
of  nd  Ikiw  rale  (dH  Terence  bcLwccn  forward  ami  reverse 

h ti i i u l~ I  i 1 1 r i n  h : li i ■: I  iLv-jnLu.u  flow  m!L\ 


Pi-aa-suro  Drop  iatmj 


l  i  jgum  1 1:  i  iinipiirisLiri  nf  thj[  flow  rati;  (diiTunLnKU!  tiL-kvtLH 

forward  and  reverse  dicedions)  belwctn  Tc^la-type  imd  P3 
valves  wilJi  pressure  drop. 
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Pit  F I J1CTIVT  DESIGN  OF  REVERSE  INJECTION  MECHANISM  FOIt  FXECTUOK INFT1C  DNA 

Sam pi. f  Injection 


M  !i  ilihIl  Lk^hpjjuk.,  Kit  It.  (rrtiatn  John  Wot  mill  -I  nit  it  l£.  (iillji-rt 

Microcosm.  Techiwlogjes 

215  i-'irel  Street  Cambridge  MA  OIL 42.  USA 

I . u l'  Ilnit’i^L1  ;inl  A  In  II' I  Min  ill  hi 
Caliper  J  crhnoLtigjcK  C'orp. 

605  Fairchild  Drive,  MoimOin  View,  CA  94Ci43 


AjKTiu-rr 

A  novel  uyecsof  by  CAD  mdyBea  is  fr^nwd  in 

tins  Ti;rpLT  Tin:  ML-K^iun  niLLlimuoin  usls  u  puH-hati.  iiicyltIllL 
bclLvuun  lliu  pinch  2nd  Ibe  nvilch  slayus  at  lliu  Lypical  mwj 
n 1 1| 4.4. r-; i r  In  u  kind  ami  is  irttrrt  inniLlJiL'  -aid.  n-aromr 

Lhun  I Ilc  lypitcnl  imulLt  ITic  nuullniu  '.u  para  I  soil  dlkxnLy  is 
£iu2dy  urihojiccd  us  a  resull  ol'lhc  mom  oplnual  hnnd  sKopc  Thu 
iiijuLior  wu  ck-,iy"ii\l  iL-ary  a  uilkluiud  CAD  khiI  and  lerHiud 
suhvcxjuuiMly  hy  CKpumnunfc.  Thu  rusulLiiif  suparnlicin 
uflicbeniry  nehieved  vi  :L,  i  o-.n  i  Ik  an  My  p.rualur  ilixi  cunenl 

injectors. 

Imhuuluhia 

Elcclrukinutii:  micro  thud  ic  miuosj  -slums  tire  pawurful 
jjuIvLIlTl]  Loals  (nr  many  ajipliunlions.  -iukh  :l-;  dulIcit  acid 
analysis,  enzyme  arrays.  2nd  imimjnomsjrt's  1 1-4|.  iSriL'h,  systems 
hrii-L-  cuirud  cnnsidumhlu  umparliiiKU  ik  uijmponuiiix  in  micnnb- 
m-..4c  integrated  dhcoiifldAijMbeaiMi]  andpaia  or  ^^vrtibceJs- 
^Lmumy  nlsis  referred  in-  ns  lidvisva-chifi.  ITic  husk  "unit 

process"  opcralHnia  in  iJk-t*  Byriems  ary  sample  mjcciion. 

nii'.in^.  4.tk'Tiih~jJ  ruailiun  or  niodiliLnlion.  s:piralu.ni.  mid. 
detection.  AssumhLuiji:  2  system  of  mmiy  “.1112I  pnxuss"  nudes 
tLifmrLS  h' ill  i.tt  iinarr  Lmrporl  nM.i.li:iin-i:ii-  lo  iilosl  smuplL  and 
runuunls  thiough  Ihu  '"varus-  of  Lbc  syslum.  Many  of  these 
systems  rely  on  uleulsvAirxIiu  physics  2s  linear  Irmisp.'rt 
inuLhiiiiihiii.  iilc'hiHJji.lk  pressure  juxl  pn-.iimniiL  .Lppk.LiiiMih  Itato 
Lil'ii!  keen  duiLiiinsIniluJ  Carnjilicded  a-InlLon-lnp-:  exit 
hetiAuun  the  mitrodirmikel  s^i.iiri-etriux..  die  luiiJnf.iii:-.  under 

rtikfc  ilit  i.'ftmt..  and  the  behavior  of  iK-  iruilri- 

uonifHtfxnl  ISiiuJi  IrmisparlLd  iil  Msus*  u  limine  Is.  Ln  iIil  past 
resewidwrs  htv-e  lw.11  forced  &n  me  e-e-ily  trial  ajuJ  error 

niLlhnds  Is'  i.cid'.T’i.:nd  end  ■_k_--ifepi  suili  nurRifluKiiu  syrtniKS. 

CAIJ  CfioJi  uaa  \x  a  salu^hlc  aid.  in  Mil  dLsiun  of 
niLurr-lliii die  syslrnir;.  NixncriLal  aiLilyius  pn.^-idc  siumfiLiuil 
nis^lLt  infci  diL'  lltnd  niLL'haiLKV  in  lliush.  aHsHnns.  ThaV  □UinL 
diu  extracimn.  siJ  nutcrial  and  Him-  propuiixs  Mijl  arc  iiunurJIy 
i'f.ii  viull  ilixunkSilt^l,  nr  dirit  van,'  Ihwn  jfrplicaniHii  10 
:.i|^i|ih.:.ii  mi'  or  from  we  nHtiufr^urir^  tuxlkoalo^)  v>  anoihtf 
l  unhuni  F.ir-t-  Mxh  Lnnls  I  e'p  thu-  ilu  niu.i  i-.  r  In-  expJnre  n  imiuh 

Imger  of  dvsigl^  than  is  «kily  a^ilflihle  escpvi  imeiu. 
:u j.I  do  sa  in  a  h|u;mi.ilj|]!.  u  ^u\  dial  i  imhk  --  iIll  4^1ra.LLii>n  of  kxy 
p;cui:iLkT'  fix  mifmisLii  or  aptiinal  nckTJtian  Ol  LxiirnnaiL 
niKTixfinikiLid  system  L;*mp<.iiiLii[^. 


Simulations  of  uLuclmkinetic  ILcivis  Iu.-.l  huen  luporlud  iil  Mil 
lilumlufu  lie  Vn:i'ri  uludnipilhirulk  [n  6J  mid  dauIrha^niLTlii:  [7fij| 
In  |fr|  $iiid  |-Hj.  Kimolmioffi  of  pitKhed  mfeaiyta  haoc  heeis 
CLpitthJ  iil  lIiluuxI  nilLrsLLtxiiLs.  Lknisiii^reJCaig  die  uppiK'dtmn  of 
dcvirk-^l  IV  J--  to  posilkM  Mil  cpdu  fMtiy  hi  ills-  niiLi-vyyiLon.  | r 
[si  s-iLikfnnu.  JbtiL  ximlysLS  arc  21}  sJKad^-sLaCt  ■.vmlyiLS ->mL1i  IIxlJ 
I'llIsJ  h.'UJL'i.'ir*  ixMidilLLms.  I  liriv-diisini’iL'm]  ■■■imiiljl&.Mis  of  puxlxd 
anjudKiik  haftc  also  bcun  rupsnlL'd  by  IhusL  auOnxs  in  pru\  snus  v.urk 
9 1  In  nil  tliLS-h.-  uaso-.  the  -xialyiLs  jliiioJ  al  duiiunKraliciu 

nummL'al  L'jpaliihlius  2id  mi  undurslmdai^  nf  llx  fuidaiixnlaJ 
physics  pruvaJenl  in  like  -dus-ioe  A^reurnuin  sviih  usperia-ieni  refiuriuid 
in  these  aid y^  is  geaetelly 

The  LirpahkliLies  of  CiAlJ  iiir-l-.  uan  only  he  fulls  r-udiy^l  vihuik 
(Tits  are  npjHid  in  predictive  -Jl^l  i>f  a  ik'.ite  Mv-fi  inproset  » 
i.^tniKL  s  sis  piTtonnmiLL.  Iil  this  pvpci.  Wfl  pcLSh.nl  diu  pcLdiLhsL  icsl1 
of  >  1 1 = 1  u  I  -.'J.  h.  ■  1 1  la  ■Jh.Liui:  4n  impri^  lJ  iiullIlc.  lolloiood  bs 
LxpLTiaxiilul  ■  1 1 1 1  n = 1 : 1 1 1  >. ■  1 1  of  \lr.i~.  tk^iui  mid  Mil  usl  of  llx  unpnvM.d 
ni|h.v[HiT  lo  UL'Iiih. L  L'  [Iil  Ibsksl  supuraLaana  of  DNA  olio's  LUCTLidh 
udiicvubJc. 

Viurii  ll-.iiiiiL  nulssisrliv  I  we  ii  ilk  I  in  u  I  udsarrlnpu  in-er 
consunlionul  ukchi.-iplxirpsLS  syslum  iil  IJil1  area  of  rapid  sepom linns. 
\1xnnln\lii:  systems  Im-.-  iLumiSnlmlud  suparnliiHiD.  n  Ihe  isniur  of 
BH«ufa  uk  -tvuiifnirisj’ni  to  susvtal  tamutts  in  *mveeinu>nal  sjnletus 
|1.4 1.  A  ltiIlcuI  p:ir;niiLi.h.T  111  aulms  m.u  r:ip.d  sxpHMHtoa  r-  dtr  ahrJiLy 

hi  iiii^t  a  rkrt'-'-s  ok-y  inB  ilw  sepacntkra  win m  Tspicdk. 

niLCTolluidK'  swlLin  jlIiilsl  Man  hy  ioiiiu  pnxlxd  uijl-lIilvi  hi  a  ima s 
mjULUoffi,  :■*■■  slimsr  111  1'i^.ul  2.  I  ht  dnsu  poUTiliul  r>  iuppiuiiLailLd 


t  }uf.\f<S,i$y,ipk  wf  a  /MftracJwp 

MJifd  far  th*  reren*  tn}ccit&f\  F.vpvrf muftis 
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fjyjjnv  2.  Efcctrakinctic  inject  ren  process  jfrotrmg  Stic  pmchrag  uml  the  switching  process. 


ty  ln:ld*  i3i  ll ll  Iiuhm  lto:  lIuimuIx  &:■  'hapr  Nil  plnji  in  Nk 
inkrviLlyiiL  poor  to  swilLhinu  iiuki  Nil  supanjlum  column  a*, 
~iLmji  l 1 1  Oil1  Jiguru.  'Hii'  p]u£  Ibm  1 1 l>_ c - ls J  con  be  dF  ll>:  order  of 
:Iil  chriniiLl  Jin  ll  noon  or  -i  i  u  1 1 1  >j  r  Ax  sJiDrvn  ml  Tigurr  2  Nil  plnu 
is  hrruiiLikd  in  a  oipkvoidal  i-hacv  Ilnx  broadcnii^  Innit-i  Nil 
^I'-nihlL  rtoilLiihei  of  ilu-  Ihllima^  vifiravii kin  admin.  enutang 
\\w  s«f«alkM  column  n.i  he  ilwn  ncoewary  Designing, 

injuLikm  -Uv  ihihiuii;  :l  plus  shill  i  -  oimiLirii.  and  iniiTiMii-r  ihan 

the  channel  geeineirie-.  is  highly  deatfahlc. 

Hlcl,  Vil  will  ii vc  CAD  M  Ilm.ii>  inn  this  uspeel  of  iIll 
nijLLlum  in  mi  alkinpt  In  impciHC  it.  Wl  mU  bLgm  mill  u  sIilcL 
■ik.M.Trplx'11  of  tin-  iLuiiLLriLnl  IixNi  falltfW  Lil  by  dllMlh  '-I  Nll 
■■■ii:iiiI-.,J.i:  il  I ■ : > lb: > xi i u  IliuL  W£  i^.  ill  piLXLiri  l m pv. = ^ 1 1 l i Jt ; l]  nodlx 
dull  conDhonilE  onr  Juklin^.  luxullmu  iil  rci  improved  inferior 
i I i : i i  iLu in i ■n :-ji r nl u friskc  ?; u pnar: i l i i :«i ■:  ds  lower  collage*  ilinn 
CLeivuntiuad  mjuulucx 

INitiuocai,  FoRMriATio* 

Jbc  b^iL  ccjiiatmra  ilmLnKiiu  Ilk'  llimi  nioh'ci  :cl  Ilk 
Nu\  iLT-?itokjLS  Lijmtium  with  appropriate  cluiLlrmi^ralm 
IIllx  knnx  lii  rLptLxcnl  Nk  lIFlcI  ot  flu-  uppliL'd  rlrrlriL  Grid 
un  "Iil  lIutc^l  J  KjriiCiiFS  Jbc  Hum?  ItT  rlrrlrnplhirrjis  ll;  Lhc 
didtcmuLm]  nuaroam  of  ilk  charged  xperex  mux  rclolivt:  In 
ihu  carrier  iniJeculet  under  Ilu  appliuminn  pF  Ilu  o-xlumsil 
lk]J.  The  >J.i 1 1 L r l1  1 1 li ; 1 1  mimuiLi.'ii  ix  primarily  an  uftcct  oJ‘  Ills 
diiTur-cncc  m  Ilk-  net  dinrp.ii  helwuuu  N  l  oilvuiki  mid  inline 

kw.  . . pJi  Irktiiiu  eflerts  may  *1.1  have  some 

ilLcluiill.  Ull  mi  [nation  mlixily  of  llir  chaigL'd  jpuCitt  cun 
hi'  cxpcusii/ii  in  lLnn>  of  "Iil  applied  tirld  ^Ln.nulJi  aj  V^p 

|JVp  t\  where  [l^p  id  Nil  vkvtr.fili'.tvlK  iikih-liLy  of  Uhl  ilci 
111  IJil*  L  KTjLr  xpuuux  h  ix  impcftanl  to  iloIu  ItiM  in  mo '.l  iiLi 
ihu  LjmoT  ilikiw  not  riKi'.-o  iukIut  LlLcnophcircc-k. 

I'he  minion  of  n  vhsjgvd  >£&.■&•  in  1.T1 0  electric  Held  wtn 

h.'  ULlLTiniiiLd  hi  iiLLi^cpimitni^  ;n  dLLlrokiiLLtii'  Irnn^  rl 

medHniEcn  in  il>e  5|xcitt  eqnalLon.  The  iran>|H^n  of  ilie 

xpLLiL^  is  i.lir-i.i.uli  till-  L1-:  1 1 11hu11.1l  lIIltI  of  Jil1  clLLlrwniii'tiL 
= 1 1  >. ■  1 1  >. ■  1 1  -.it  Ihc  LiorkT  I  Iijl-J  und  Oil'  LlLLliuphoTutiL  tronipiiTl  of 
:Iil  ipckicx  under  Ilk  utTrcl  ol  ihe  rpplkd  clcrrtric  liuld 

TIil  nunuriLul  oai;ily-if>  pro-Liitcd  uboiL  utl  ikniLil 
'.inoLr  dis  lidliiMinu j.  ■numptnoi 

*  L|-  eni.r.»l  >.i  mVhc  u;uskt  lluid  ls  iMiutiKl  to  be 
LlonroiiLUIrnl  Lvsn.obcrL.  except  m-iNuu  Ilk  dm  hi: 
layer. 

*  Hiluk  ^mitpL  Ilk-  LiurkT  II  .ml  id  -KMJMkxj  lo  h; 
prcdomiiknl  iil  Lukdnlins  Nil  phiy-  ud  pniperlkx  of  die 
iLuid. 


*  Unriwjiled  ir;iiNpi»i  Indkiduil  MtmpiV'  speciL1-.  do  .iIIlli 

ojeh  other  w  to  iheir  HffiBsion  ct  moMiiiea, 

*  Ntr  Cl  1  lh  lil  a  I  Io:jlI>.iiil-  I'Ill  LharcLii  -.aiupk  -.f>:Lk^  aru 
a^mmLd  to  be  Uilly  nniirad  in  lh:  miKlm.  and  do  no-  reorl 
wilh  *»ch  iviher 

The  above  uaanp &m  allow  the  ileibiiy  of  Nb  mifiiure  w  Tc 

^.iuyiliL  eoikilnni.  rudixing  Ibe  pn^lum  m  Ihu  iiiLi^npruhoMii 

Fojui  Ilk  ukorwctcni  runl  spxvt*  e^uariionfi  arc  dHouflcd  and  can 

br  H'liLd  ^cparukly. 

'Flu:  icmkAlIiii^  of  dLLlndiiiiLbi'  cIIllIs  id  inrorpitfukd  iiiOli  Ilk 

Fhm&tfOAD  xyxkin  J  LuidOCAD  w<  an  inlLtuukd  din^n  um  imuniLnl 
omdislii^  of  3L?  dcui^n.  uu.xk'ln^j  and  Miimlalh.m  yj-ltv,  wl  lixilfi. 
ivhich  liiuKl  Ihc  rreotiixi  and  analrax  of  LoinplL  o:  nucnjdluidir 

■rltriLL--  Inheri-ni  in  Ihc  fk^icii  Him  impk-mLiilLjl  in  II  i  unci?  A  nr  is 
dm  ah  Lilly  In  rr  an '.Late  Irom  a  labour  and  ptvcLx-;  kiv  of  Ihk  >3:  tils  Id 
a  xolid  miiiiil  and  m  DninrinuL  m  n  .IT)  dmKU  mi^l  nlli^iing 

i i  u i.J ; n i i.m -■  thai  chflracleriK  ilk  vnrini^-  plw  ■•>..-.**  iNv.Tn'nn.-r^  pmeaH 
in  ilk-  Jlx  ilt.  Jfk-  nuniLTiLiil  dijluTmu  iriL>  a  r 1 1 r ll-cJ 1 1 rn.il i <<n-:4.  linih: 
ekmcot  engine  m  the  bavk-end  solver  Lor  the  =?jmi]|i 


l-'r^rtfc  A  S^he.Tfi/liC  fit  thf  [ ip/cat  Pro  phitxtr  inject ron 


Figure  J.  AFJii'.mitfir  afP^ve r.«  Jraj^-liror  uii-.i'r.vjVji^  jp^u7- 
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Figure  rf.  tf.rivj'jci!  prwf.’TX  xfiniviup  puff -htit.k  and  .vui/chnig  jnivj 

separation  column. 


Figure  .V  Ejrpqwfmtnfni  Lvi  i/it.Ji'rrir?  pfrrvtrxa  uifer.twn  predicted  ft v  nuMartpal  .YjmWdtf,viJu.r 

above. 


Ilvsit^  Apat.i^k 

The  design  aiiahse*  utit  £oiLduti.ed  oil  a  ovu  iiijttiiv 

Thu  nJMuirri^ui  Estutd  vsuru  [ir-<L  \  nlsdnlud  by  unipjcniu  jjamsC 
cacperimcBl  lor  Mint  classic  two-pin*  pinched  injection.  A 
suliLmaLiu  of  ibis  idjeetiud  inivtimiism  is  skissn  in  I  idlin'  ;* 
o.ur:sp>;iii.diiL£  ■-- 1 1 n 1 1 1 : j L h. ■  i l  ri.iulli  mu  sboWiL  in  bi[£iiJi.'  2  I  k 
mjuelxm  consuls  od'n  “pinch:”  fluids  in  Lhc  Inumursu  uhannuls 
siipplunxiilniu  llu:  dm  u  ivirnjnl  tMloWtid  by  a  "s'.slIlIi  " 
-.viUL'pinu  lhc  haenpU1  into  Ik  separatum  cud  ui  sin  silooig.  wilh 
currum  Lnvi  nnk  hrnli  top  ami  ho  I  to  in  In  sup.milu  lTil  ram  pie  pl'.iu 

:*nJ  prereui  Leakage.  lilt  siuudBtkiiu  prescnwd  litre  were 

■j r- n i Ti 1 1 r-j d  ngpiinsl  uiyjru'fviiidii^  -expunnnuiwnl  i&sup.  :ii  f. ■  1 1 in 

|9|  link  sb 1ft'  gnij  tpwiilalivc  agreciwnu  ikJiCnlUtg  dot  ik- 
■■ii:iiil-.,.i.i"n  I > ( s-  L-.'f  lurL  ;ill  Ik:  rebcYitf  pin  ml---  bi  lhc  prdbknik 
hpiik-  '.veil 

As  lieuru  2  s-1 1 1 ■■■■  ■>  Ik  kvi  Ltcliud  pin”  mi  Ik  sL'puriikin 
column  is  [rapes  mild  in  shape.  Llu:  dupe  in  Ik'  sup--*aLnm 
column  k  a  Li:ct;L' quince  nl‘  Ik  sJinpu  cif  ihu  pnii.li  in  Ik 
iiiu:r,LLiir-ii  between  llu  Iwo  uhimiiulv  Since-  ihu  rumple  is 
po  si  hom'd  si  Ik  inlunuckin  by  ;i  psiuh.  Ik  shape  m  Ik 
inE-CTSuclimi  is  inipc/i'-did.  wjlh  Ik*  hnsu  oF  ihu  inipc^niil  king 
wi ifcr  lkgji  the  tbar*«ertstic  diriKHsifUi  of  rJit  i*iitrso:i.kHi  As 
■Ju:  lr;ipin.iidMl  hands  menu  di-ninliujin  Ihu  indmduul 
fiagjfifieijft  separate  ow  l^td  «  iheir  etaropfeortlte  nwhiliiiet. 
-.'■ill  bnijik.il  based  uffi  Giuir  diflusis thus.  Ik  uftuuCnu  hmnl 
“«v idJCli  lii  Lk  M'purd1u.si  '."'I. mm  is  duLunmnud  h  (In.;  o-idUn  uf  Gil 
irafie^oid  base.  \h  Inch  hunts  thu  sep;  nation  ufFiuuncy 

A  Ih'I&lF  nrh-VIkMi  muuhmuni  i»  ruipiicud  10  -uiujJDc  j  HuLKt 
-.ample  pluu  in  Ik  inlurscclLDii  prair  Id  Kfiaratiufi.  This  emi  hu 
aulnev-c-il  tiy  allurmiiSK  in  ihu  punmulrv  nr  in  ihu  s^iccliin^  fluid 

Ont  fMch  oivraiii-ik.  a  HXfon  switch,  ^fitre 


ihu  pinch  nnd  switch  mu  raned  mil  in  dillurunL  unur-iuclu-iis.  v-  js 
pr«uncwl  in  |10|  mid  iusiiIk  in  a  iiiut-.i'.i  ur  Imnd  in  Ik  --upimi  mil 
coIimhe.  A  s«Mid  leruitd  mjeetiffla'"'.  prewoted 

bur u,  luus  :i  chruu-phniiu  ■lUL-.Jiiiiu  ^uqpiuncu  llu  suhumnl ic  of  ihu 
wqiwiwt  is  ^h'.w*fi  m'i  l:tgm  A  "full-:hafkw  phase  ls  d<9d  kkttiL 
iku  puiuk  mid  tic  smLcli.  In  Gil'  u-ljIwu  Gil:  piixli.  Gil  smnrpk  is 
pcsili'qiL'd  si  Ik  niLLTSuukMi  k.  lk  piikdkTn^:  kids  J^miulrumn  ui 
lliL  mlLT'LLlkin  lliL  hiind  is  sinniliuiinGs  MtmstT  iIiuil  Gil  vt.idLh  o( 
llu:  uiIlt^uI&.hi.  mid  is  ilLpuikknl  On  Gil  itiui^lli  of  lk'  pindiu^s 
liuld  Addiru  ;■  pull-back  phinu  mmucnlmiLy  lEimra  Giu  kid  in  Ik 
drnu  -chrmnul.  svhilu  nuinlmnin^t  Giu  piudiiiiu  fluids  ns  seen  in  Ik 
sdicm^ic.  Tk  pull-hacll  causes  ihu  downstream  hind  in  rcfracl  inLo 
ihu  -.L-piir. mi'll  cnliMnn  uri-.ciiu  a  skpilicanlk  lunLiViur  huml  ill  ihu 
LYiiriuitt  i;f  iht  sqpnr4Kii.vi  t  dm  tin  AddikULdU  Gim  dc^rntrcanci  l^#id 
is  dsD  suinikciinL  siiiuu  il  is  nol  n>. nJil  il-J  h;.  Ik  lGllL  dT  Ik  pnidi. 

The  kiwi  i^Tfl thing  step  llur  folLo'^s  to  drive  ik-  smiiplt  into  ihe 

■■-^piir-.'.ru  -n  Lsduiisi. 

S 1 1 ii 1 1 1 ; 1 1 h. ■  1 1 s  s^k'vl  mi^l  Ik'  lEIllL  d!  lk  pull-huck  "  m:  piu-iuklcd 
in  I  ljufu  ?  Thu  uJIllI  dti  Ik  hmid  idlh  2nd  sluipu  in  Ik  sqiaroluin 
cltIiuiiil  is  drmndiL  Ik  hmid.  n  ntrtfl/  KdiIl  iimctd^lt  :cid  s":r;nuhlLT 
Ihun  ihu  ciTi'.  l'iiLi.tuL.  1 1  j  1  l* I . ■  r  casu  m  E-'ifurr  2.  I'liu  rusidls  indiculc 
ih:i£  Liu  can  achiua'-e  W\A  hnndk  Ihni  :iru  syiniinulriu  nnd  mirrimvcr 

flmn  chu  wkkrhinf  lIwihlI  Bsotnnry  anacqueoGji  ik-  rt^ilium 

jrL-piirmh'Ti  -eNuicnci,  k  -tKpuclud  1i>  niprusu  i-.iuniMijrinlly  ns  11  rtsidl 
of  Gil  bmnl  shape. 

>;vriimiEST.\[.VM-[iA¥KrHi 

EViIkrvi ing  ihu  CAI5  annlysis.  cxpurimuial'.  wm  cundiiclcd  Id 
■stxity  llx-  ptudiLlLLms  prustiiLLd  di  Ik  pcunoiE  iLtlimi.  the 
-.upnmlj.iiL-,  \%ucu  carried  ixil  in  ;i>dn-Lm>:  jflass  diaps  dtIIl  chmuxls 
111  [iTii  kup  nnl  7SI>  [_in  lvidu,  IiIIdiI  lmli  a  pnl\  Mun'lnmkb-hasud 

stpanULOh  oi*rif£  L'lie  buffer  was  lgij  mM  TAPS- frit  Fm  imaging 
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fjjfjYiv  ft.  ii.'ii[/iv Ji.'ifJi  .spired  jrepffJYJfiwny  ttstwg 

reverse  infection  praets*. 


sludreih  diu  Miinplcs  viim  ancle -r-lrrtndeii  DNA  ol  remiiekiciiicn 
Ji  ii  eireiccvTlniimn  ut  Ifl  pM,  llmreuhcuredy  Inhaled  ill  lliuere-eurn 
wHvckflgflM.  Im^i-  iKwUd  osi  s  Hiufimiualau 

in  rend  hied  CCD  earrrem.  I-Vir  vepanilinns,  similar 
oljfOHHlHKHto  VLVf t  tlW<L  [ft  1 1  IbIkLcJ  a!  FftJ  WflVelfllglhe  ivilh 
Cy-J  dye.  and  al  a  enncenlraljnih  ut’  1 150  nM.  lleLeetnci  was 
curried  ml  using  a  cud.  diede  laser,  urt  a  Ihiure-reent  nucrerre-npe 
syslun  as  drcLTibcd  earlier  |d-|  ErKperoiLcrfeJ  images 
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Fh#  prunary  uxk'Illskiil  of  \ht-  Wttrk  is  Lhi1  suLLCJslinl 
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Ah^rjisl 

This  paper  prcs™i¥  eurrcnl  reswirch  in  Lhc 
development  of  tools  to  enable  the  design  of 
micro  llu-idic  systems,  The  design  tools  use  dclailed 
analyses  of  the  physical  phenomena  in  these  devices  to 
understand  llic  behaviour  of  the  specific  component  a  ml 
cjclmcl  a  model  representing  this  behaviour,  The- models 
for  die  individual  components  can  then  be  combined  in  u 
system  mixtel  tor  the  device  incorporating  the 
interaction  between  the  components -and  enabling  design 
analyses  oJ'Lhc  era  Li  re  device  Specific  examples  will  be 
presented  lo  demonstrate  this  capabiliry 

In1  redos' I  mi 

Itiene  is  a  wide  interest  in  micnon-scak  integrated 
rakrofluidic  systems  lint  use  in  Severn]  applications  such 
as  sensors  (llowTalc.  pressure  or  shear  stress),  aeUiatoFS 
('■micro  pumps.  switches)  und  complete  Jluid  processing 
systems  (lab-on-a-chlp,  reactors),  Ilicse  systems  are 
genera  I  Ly  integrated  systems  eonsisting  of  How 
componculs,  chemistry  eomponcnl*  as  well  us 
dctcetkin/sensrag  comporiefifts,  The  components  span  a 
w-jde-range  of  physical  disciplines  4ticii  add*  to  the 
complexity  of  their  design.  Often  designer;  ihcMii  diverse 
hat  kg  rounds  and  physical  domains  arc  required  1c  work 
together  and  share  in  format  km  about  the  device. 

Computer-aided  Design  (CAD)  loo  Is  have  emerged 
in  the  pasl  Few  years  1c  assist  in  the  design  of  these 
systems.  CAD-bused  analyses  of  micmlluidie 
components  have  been  reported  by  several  researchers. 
[I-J]  CAD  tools  can  he  a  valuable  aid  in  Lhc  design  of 
mierolluidie  systems.  Numerical  analyses  provide 
significant  insight  ialc  the  Jluid  mcchaoks  in  Ihese 
systems.  They  allow  the  extraction  of  material  and  11  ow 
prop  cities  shul  are  generally  not  well  documented,  or 
that  vary  Item  application  to  application  or  Item  one 
majLut'uc Luring  technology  to  another.  Furthermore  sueh 
tools  help  the  designer  Lo  espksrc  a  much  larger  space  of 
designs  than  is  easily  available  from  exp  crimen! .  uad  do 
so  in  a  quantitative  way.  CAD  tools  also  assist  in  the 
extraction  oF  a  reduced-order  model  thal  describes  Ihc 


behaviour  of  a  particular  componeraL,  and  its  dependence 
on  hey  parameters  Models  for  individual  components 
can  be  coupled  together  to  analyze  and  often  optimize 
the  entire  miorofluidk  device. 

MicTolluitlie  devices  generally  represent  Ihc  active 
component  of  a  larger  system  Such  systems  have  seme 
common  Layers  to  their  design  Ihese  include  the  design 
of  the  aelual  device  (design  a  manutaelumhle 
component},  package  design  (design  a  praelieal 
package^  and  system  design  (design  uad  improve  the 
system  or  Instrument  the  device  Ills-  into).  A  sueccssJul 
system  requires  the  design  erileria  lor  eaeh  of  Lire 
individual  domains  lo  he  met  sueecsslully  in  an 
economic  and  manufacturable  manner. 

In  the  MI^MS  and  1C  dimming  i  lie  system 
development  Is  enabled  by  Ihe  availability  of  design 
aid-*,  which  assist  in  Ihe  integration  cFall  the  domains  oF 
the  design.  These  design  aids  provide  a  lop-down 
appmaeh  lo  system  design,  whieh  allow*  ihe  designers 
to  understand  the  comporraib  in  the  system  and  the 
e  fleets  of  one  component  on  another.  In  micro  lluidies. 
such  aids  are  warce  -  Ihis  greatly  hampers  the 
development  of  these  systems  A  good  design  tool 
thcnclbre  has  considerable  value  in  assisting  the  Tapid 
transfer  From  a  concept  lea  viable  produet 

In  Lhi*  paper,  we  explore  Ihe  devdopmcnl  oF  a 
design  methodology  For  mkrofluidic  systems.  This 
methodology  allows  both  Hie  detailed  analysis  of  Ihe 
components  in  the  system  a*  well  as  of' the  behaviour  oF 
She  system  as  a  whole  The  underlying  physics  in  the 
individual  components  will  be  discussed  first,  lire 
integration  of  the  eompunenl  models  into  a  system 
model  for  the  deviee  and  the  application  of  the  system 
model  in  analyzing  Ihe  device  behaviour  will  then  be 
presented.  In  each  case,  lypieal  examples  will  be  used  lo 
highlighl  Hie  methodology  discussed. 

I  k-  Sysiein  View  nr  the  IX'vke 

As  discussed  before,  Lhe  entire  mierolluidie  device 
can  be  decomposed  into  a  set  ol'  discrete  components 
Shal  internet  with  eaeh  other.  The  analysis  of  the  device 
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behaviour  can  ihcn  be  translated  into  the  analysis  oL'thc 
individual  components  and  of  their  interaction  with  each 
other  This  Ims  the  system  model  of  Ihe  device  (nlso 
referred  to  as  the  reduced-order  e*f  macro  model).  The 
system  made!  h  n  pvfcitiiJ  mechanism  of  describing 
the  system  performance.  The  behaviour  of  each 
individual  component  is-  inherently  stored  in  the  system 
model  Variations  in  l he  bchavionr  of  one  component 
may  afl.ee!  the  performance  of  n  second  eamponciit  and 
the  peribrnumee  of'  the  system  as  u  whole,  Ihc  system 
model  contibs  intbrmalion  about  the  interaction 
between  components  and  hence  enables  Ihc  analysis  of 
such  variations,  without  requiring  Ibc  designer  to  revisit 
Ihe  detailed  analyses.  Tbe  individual  components  may 
emerge  mfl  of  diverse  physical  domains,  as  may  Ihe 
designers.  The  system  model  thus  allows  diverse  groups 
lo  inleract  wiih  each  <?1hcr  in  an  cilleient  manner,  by 
defining  Ihc  information  transfer  between  components 
in  a  simple  manner. 

A  typical  miemfluidie  device  centrists  of  several 
discrete  systems  operating  together.  Iliesc  include 

*  Electrical  (voltages  and  currents) 

*  Toll  fluid  llow  (pressure  and/or  dccLTO-osmolk.) 

*  VludnirnLidl  (iKUmlnrs,  nHjmhrHii^K ) 

*  1 1 1 1  r  l _ 1 1: ■_!■-.  f ; i p 1 1 L i r_s  bTLiLk  --,  Llrtypkl-0 

*  IniriHpiirl  uf  iniiluculjir  spoLiLfi  in  Hniiiliuii 
itelL'LtrLipliLiruMS  ;ind  lIi  1 1 1 

*  IllLTIIlill 

*  Bbctanfika]  uisd  electro  -etemkal 

*  defection 

J  Ite  ekelrkal  hiuti  model  represents  Lite  Iranspotl 
[i Ld 1 1 l ; i j.  :n  in  Lite  device  aa  electrical  resistances  and 
indiintmice^  wish  current  and/or  voltage  snureo. 
Obviously  Lltesc  systems  are  only  meaningful  for 
aketmkinetfeally  driven  systems 

I'Jte  flow  OLudd  represents  the  transpeat  of  Lite  bulk 
carrier  {buffer)  in  Ihe  chip.  Typical  itanapori 
meelianisma  bteLutk  eketnwimofk,  presinjc-drivcn  or 
pneumatically  driven  flaws.  The  channels  on  she  chip 
therefore  represent  resistance*  lo  the  flow  of  the  bulk 
fluid.  Ihe  flow  model  enables  the  dynamic  analysis  of 
ihe  flow  through  Ihe  device,  the  flow  cm  ski  is 
aitelogou*  u>  Ihe  electrical  cireuis  oteukl  described 
above. 

I'Jte  mechanical  model*  often  serve  as  the  actuation 
ecdnpiioenjtH  in  the  device,  l-'ot  example  in  an  Lnfcjei,  tbe 
meelianieal  components  may  be  membranes  driven  Lo 
generate  Ihe  fluid  displacement  required  10  create  and 
eject  Lite  drop  Lei. 


The  interlace  models  contain  information  about  the 
behaviour  of  liquid/gas  interfaces  that  exist  in  tin.1 
device.  These  may  be  menisci  and  subsequent  droplets 
as  in  inkjet s,  or  capillary  breaks  OfS  in  several  on-chip 
devices 

The  transport  model  on  the  other  hand  describes  Ibe 
motion  of  Ihe  sample  thmugh  Ihe  device.  Ihc  sample 
may  move  along  wiih  the  bulk  or  independent  of  it.  [fie 
Iransport  model  then  describes  Ihe  combined  effect  of  all 
Ihe  transport  mechanisms  present  on  the  sample  location 
und  limn 

The  thermal  model  describes  the  response  of  the 
system  Lo  tempera  Lure  changes.  Tempera  Lure  changes 
may  arise  because  of  healing  or  cooling  of  the  sample  in 
reaction  chambers  or  from  the  passage  ol'  current 
through  lhe  system. 

Ihc  biochemical  and  electrochemical  models 
de^cribc  the  chemistry  in  Ibe  system  These  models 
represent  the  prxsduelion  and  destruction  of  s peeks  in 
Ihe  component,  The  chemistry  in  typical  devices  is  often 
very  complex  -  as  a  ncsull  accurate  chemistry  models 
require  considerable  interaction  wllh  experiment  in  their 
extraction. 

I  "he  optical  models  describe  the  detection 
components  In  the  device,  especially  common  in  flTAS 
{Micui-Total  Analysis  System)  based  devices  1 1-5]. 

Ibc  extraction  of  these  models  requires  detailed 
analysis  of  Ihe  particular  component  specifically  its 
response  lo  various  parameters  that  a  flee  L  ils  behaviour 
Ibe  analysis  need  not  be  based  on  detailed  simulation 
often,  good  theoretical  analyses  are  sufficient  lor 
practical  design  purposes.  The  extracted  behaviour  then 
represents  the  redneed-order  behaviour  of  Ihe  device 

An  effective  tool  should  provide  the  designer  wiih 
Ihe  models  required  lo  design  Ihe  device,  I  t  should  also 
provide  I  he  -capability  lo  extend  and  enhance  Ihe  models 
and  tailor  Ihcm  to  the  behaviour  of  the  designer’s 
specific  components  finally  the  design  tool  should  he 
capable  of  simulating  Ihe  extracted  system  model  lo 
characterize  Ibe  entire  device. 

In  our  grwp  w-e  have  been  involved  in  developing  a 
tool  that  meets  Ihcsc  requirements.  The  tool, 
FLumeCAD,  is  an  integrated  design  environment 
consisting  of  3D  design,  modeling  and  simulation 
software  tools,  which  enable  the  ereal  ion  and  analysis  of 
complex  micro tluklic  devices  Inherent  in  Ihe  design 
Mow  implemented  in  I'lumeCAD  is  the  ability  lo 
translate  from  a  layout  of  Ihe  device  Lo  a  solid  model 
and  to  continue  to  a  3D  device  model  allowing 
simulations  lhal  characterize  the  various  physical 
phenomena  present  in  Ihe  devlec.  This  pannKtrizalion 
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can  llicn  lx:  re  pres enled  in  a  s^lcm  model  and  simulated 
in  She  FLumeCAD  environment 

Eaggte 

In  Ihis  section  we  will  presenl  example 
dcmofistnUiig  She  application  of  reduced  order 
mudding  in  Lhe  analysis  oT  typical  devices  Tun?  cus 
will  be  presented  the  Jirst  an  i^feetorirepamlioii 
column  typical  of  biochip  applications  and  Ihe  second 
m  eleclnostnflicalfy  driven  inkjcl  [lie  models  presented 
here  based  either  on  detailed  numerical  analyses  or. 
in  some  wises,  on  theoretical  analyses. 

Ei&etr&fLtnfftte  Chip-  A  typical  dcclroik  luetic  chip  is 
shewn  in  Figure  I .  ll  cunsisls  of  purls  through  which 
repgents  and  Ihc  wimple  enter,  a  reaction  siLc  I  el  In  wed 
by  an  injection  site  lending  lo  a  separation  column  llie 
entire  system  is  driven  by  dcelropboreFLS,  lire  electrical 
system  model  Jbf  the  device  is  shown  in  Figure  2.  Each 
individual  channel  on  the  chip  is  represented  by  an 
electrical  resistance  and  inertunce  [tie  voltage  or 
current  sources  are  applied  at  the  ports  The  system 
model  ena  he  cxeculod  in  the  time-domain  by  sped  Lying 
Ihe  voltage  or  cunenl  in  Ihc  source?-  and  the  rise  time  lur 
Ihe  specific  source  The  change-up  time  Jbr  the  field  in 
various  components  in  the  system  can  he  determined  by 
this  time-domain  Simula!  ion,  This  is  important  in  pTAS 
applications  since  Ihe  Held  sirengths  are  typically  liiirly 
high.  A  system  IhaL  charges  up  slowly  is  prune  to 
leakage  id  the  intersections  by  dilliision  of  Ihc  wimple 
which  is  generally  avoidable 

A  second  advantage  ui'the  electrical  syslem  model  Ls 
in  the  extraction  oi'  boundary  conditions  lor  detailed 
simulations.  In  general  detailed  analyses  of 
electrophoresis  are  conducted  a!  the  component  level 
Ihe  eumcnls  entering  and  exiting  the  domain  aTe 
dependent  on  Ihe  entire  device.  These  can  Ihereioie  he 
easily  extracted  at  the  syslem  level  arid  assigned  to  ihe 
appropriate  ports  for  Ihe  deLailed  analyses. 

An  example  of  She  detailed  analysis  Is  described 
here.  'Ihe  component  analysed  is  Ihe  switched  injector, 
formed  by  the  intersection  of  two  channels.  Such 
in  tercel  ions-  are  surprisingly  powerlul  lools  that  enable 
Ihe  definition  oi' sample  plugs  at  the  picolitcr  level  \2\\. 
this  in  lurri  allows  micro  lubricated  eleelroliinetie 
systems  lo  outpcrJonn  llieir  conventional  counterparts 
by  orders  of  magnitude  [3|. 

The  number  cl'  parameters  involved  in  deiining  a 
given  injection  is  large"  the  currents  involved  in  each 
step;  the  length  of  each  step:  and  the  exact  geometry  of 
She  intersection,  ll  is  difficult  Lo  explore  this  entire 
universe  experimentally  lo  oplimi/e  Lhc  desiTed 
properties,  and  coni  paler  modeli  ng  of  the  inject  ion 
process  is  thus  very  usel'ul. 


Results  l'rom  She  detailed  sLinulalions  shewing  the 
sample  transport  and  injection  are  shown  in  E'igure  3, 
Ihe  results  have  been  compared  with  experiment  in  |S] 
and  show  reasonably  gcxxi  ugTecmcn!,  The  experimental 
condi!  ions  arc  also  discussed  in  [H|, 

1  design  analyses  of  this  component  can  be  conducted 
using  the  numerical  Lools.  Ihc  design  analyses  analyze 
She  behaviour  oJ'  the  exponent  in  response  lo  various 
parameters  Unit  arc  significant  in  the  design  live 
behaviour  of  Ihe  ini e dor  is  generally  characterized  by 
Ihe  band  w  idth  of  Ihe  sample  in  l  ive  separation  column 
lhal  is  (dweri'ed  experi  menially,  lie  band  widib  is 
computed  born  un  appropriate  model  for  the  optical 
detection  system  ibr  the  separation  eohmin  In  a  typical 
syslem  Ihe  detector  is  a  point  probe,  such  as  a  dicxic  or 
photo-mull  iplier  luhe,  positioned  over  the  speeilic 
location  lo  collect  the  fluorescence  of  Hie  species 
migraling  past,  In  She  design  IcoL  Lhc  optical  model  is 
encapsulated  into  a  Region  of  Interest  {ROD  Integrator, 
which  integrates  the  coneentrai  itm  oi'  species  in  I  lie 
specified  detection  region  al  any  instant  in  Lime,  The 
integration  can  be  Jurther  correlated  to  a  gaussiam  Lo 
Jurther  capture  Ihe  experimental  delection  optics 

li-xamplcs  of  Ihc  analysis  are  shown  in  Figures  4-5 
Ihe  Llral  example  is  the  cited  of  Ihe  switching  Held 
strength  on  the  band  width  in  the  intersection,  Ihe 
switching  field  strength  nJ fleets  the  flow  in  two  wnys 
first.  in  the  widll  of  the  plug  iiyedcd  into  the  reparation 
channel,  and  second,  in  Lhe  residence  lime  ui'the  plug  in 
the  intersection,  As  discussed  before,  the  plug  width  is 
an  important  quality  lo  define  Ihe  injection  lie 
residence  lime,  on  Ihe  other  hand,  de lines  Lhe  cycle  time 
for  the  injection  thal  is,  the  Lime  between  subsequent 
injections  lie  dependence  of  the  bond  width  as  a 
function  of  current  in  the  separation  channel  is  extracted 
from  the  design  tool  by  a  sequence  of  simulations, 
varying  the  switching  current,  and  perlhnning  an  ROil 
integration  over  lie  region  shown  in  Figure,  The  volume 
of  the  injected  band  can  also  be  eompuLcd  as  the  integral 
under  lhe  curves  and  is  also  shown  in  the  figure  on  the 
secondary  axis  '[tic:  band  width  drops  as  a  function  of 
increasing  current,  us  expected  As  the  switching  current 
increases  Jim  her,  the  injected  band  widlh  appears  lo 
asymplote  to  a  minimum  value. 

A  second  issue  is  the  residence  time  oJ'the  species  in 
Ihc  intersection,  In  several  applications  such  as 
dispensing.  Ihe  elcctrcdrinelie  swiich  is  used  in  a 
continuous  cycle,  The  cycle  lime  is  then  dependent  on 
She  residence  time,  since  a  new  fill  cycle  can  only  begin 
well  alier  the  previous  swiich  cycle  is  oomplelcd  An 
ROi  integration  over  the  intersection  legion  yields  flic 
required  residence  time  as  shown  in  Figure  5 .  and 
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therefore  indicates  arc  appropriate  cycle  lime  as  a 
function  ol'lhe  switching  Held. 

Curves  such  as  (hose  in  Figures  d-5  allow  the 
dclalled  charaelerizalinn  of  Lhc  Jlc^v  phv^i^s  in  the 
injccliun  region.  This  characterizalicn  con  Iticn  bu 
extended  into  the  system  model  it*  the  injector  iind 
incorporated  inln  a  transport  model.  !  Iw  system  model 
for  the  injector  cun  then  he  coupled  to  u  system  model 
lor  a  capillary  separation  column  The  simples!  model 
for  separation  only  accounts  lor  Ihe  ndveetion  uud 
diffusion  of' the  specks  in  straight  columns,  The  uni  plod 
injcdor/capilluiy  model  is  shown  in  Figure  fi.  [lie 
sample*  of  vurylng  mobility  und  diffusion  constants  are 
driven  Jfom  Htc  injector  into  the  capillary  where  Ihcy 
separate  The  separation  can  be  detected  by  coupling:  u 
IhuMesccnce  detector  model  at  specific  poinls- 
downstream  of  the  Lqjoelor.  1  he  resulting  separation  Ls 
shown  iu  Figure  6  a.*  well  I'he  entire  analysis  requires 
minimal  simulation  time  lor  the  transient  solution  ut  the 
reduced-order  level.  It  therefore  presents  n  powerful 
mechanism  to  analyze  und  design  Ihcse  devices 

friku't:  Inlijel  heads  ure  possibly  the  single  most 
commercially  successful  MIMS  component  In  general, 
an  inkjet  consists  of  a  source  of'  ink  un  actuation 
mechan  ism  to  create  the  required  pressure  head  to  ercale 
a  droplet  und  induec  the  instability  required  to  break  off 
the  droplet  and  a  norale  where  the  droplet  is  created  uiwl 
cjeelcd.  The  system  view  ol'lhc  inlye!  therefore  consists 
ol'  lour  rnujor  wrnponents  the  reservoir,  Ihe  actuator 
the  main  chamber  und  Ihe  nozzle  wiiti  the  meniscus  and 
droplet  These  components  are  connected  by  uppn.ipri  .Ue 
interconnects.  Models  for  these  components  can  he 
theoretical  us  well  as  extruded  In  general,  the  best 
approach  is  Lo  start  with  the  theoretical  model  and  re  line 
it  based  on  detailed  simulations  over  the  parameter 
spnee  of  signilkant.  An  example  system  model  of  an 
inkjet  is  shown  in  Figure  T  I'he  individual  components 
in  the  rwxiel  are  clearly  indicated  in  Ihe  llgure  lie 
reservoir  model  is  simply  a  Fource  of  pressure  in  the 
system  lie  actuator  model  generates  a  Jlow  through  Ihe 
displacement  of  a  membrane  Ihnl  ls  driven 
cleelrostBlicafty.  Ihe  men!  raised  nop]  el  model  de  lines  a 
maximum,  sustoinnbte  droplet  size  beyond  whkh 
instability  develops  causing  liw  droplet  to  pinch  off. 

Results  from  Ihe  siraulnLion  arc  shown  in  Figure  E 
lie  applied  voltage  on  the  membrane  causes  it  to 
deflect  and  ejccl  a  droplet.  The  resulting  me ni sens 
oscillations  und  their  ellcct  on  the  membrane  can  also  be 
seen  in  lie  ligurc  alter  the  droplet  has  ejeeted.  'lie 
simulation  in  this  caw  proceeds  over  four  poises 
ejeeting  droplets  in  eaeh  case.  The  system  model  allows 
She  user  to  vary  a  large  number  of  quantities 
(geometrical,  nutcrial  and  operational)  and  observe  lie 


system  behaviour  in  each  ease  As  before  this  simulation 
is  also-  very  rapid  and  the  parameter  space  tan  be 
explored  ralher  quickly  in  comp  [risen  to  d  etui  led 
modeling  As  a  result,  il  serves  as  u  very  effective  tool 
for  designer 

CanfiliBiana 

Miciofluidie  systems  have  generated  considerable 
interest  in  the  past  several  years.  The  design  of  these 
devices  is  u  com  pika  Led  process,  because  of  the 
complex  relationships  between  Lhe  device  geemelry,  the 
properties  ol'lhc  iluids  and  the  operating  conditions  The 
design  ol' these  devices  is  often  a  triakind-crror  prowess 
and  is  therefore  often  rather  expensive.  CAD  tools 
have  emerged  in  the  past  lew  years  to  assist  in  the 
design  of  these  dvviccs  Current  generation  tools 
provide  Ihe  capability  of  performing  detailed  analysis  of 
the  physical  processes  in  these  devkes.  'lie  ability  to 
eoupk  the  individual  components  and  their  plysics  inle 
a  model  enabling  Ihe  design  of  Ihe  entire  device  i'<  as 
yet.  lucking. 

A  better  approach  is  through  She  use  of  reduted- 
order  meddling  to  urcale  a  system- level  model  tor  the 
device.  Here  the  behaviour  of  each  component  in  the 
system  is  taptured  in  a  model  Ihcse  models  cun  lien 
he  coupled  Lo  analyze  the  entire  system.  In  our  group, 
w?  have  undertaken  (he  devekspment  of  FliuneCAD, 
which  is  an  integrated  design  tool  for  ihis  purpose. 
TIumeCAD  allows  ihe  detailed  analysis  of  the  individual 
components,  provides  the  capability  lo  extract  i lie 
heliavioural  model  for  lie  eemponenl  and  enables  the 
incorporation  of  the  extracted  model  into  the  system 
model  lor  Ihe  device  Several  discrete  systems  may  cxlsl 
within  one  device  electrical,  Irunspart,  flow,  optical 
elc.  FlumeCAD  aims  at  enabling  Ihe  design  of  devkes 
with  one  or  many  such  discrete  components  enipled 
logetler  in  the  device. 

lire  amen!  status  of  FlumcCAD  is  presented  In  His 
paper  llrougli  two  spocilk  examples  Ihe  first,,  an 
eLcctrokinetie  chip  un  electrical,  Inmsporl  and  oplienl 
detection  device  and  the  second  an  Inkjet,  lie  examples 
serve  to  demonstrate  the  capability  of  the  tool  und  of  the 
system  modelling  concept  in  general  ing  greater 
underslandingoi'Lhc  devke  a  ad  providing  ellkient  tools 
in  enabling  Ihe  design  ol'lhc  device 
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Volum b  Through  Band 
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Tima 

Figure  5;  Reside™  Time  of  Aunlyte  in 
Inlwswttafi  as  a  limcLiofi  ot  Swishing  Current 
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Figure  d-  5c\k  ma  li  e  u  L I  nj «  lo  riCapi  1 1  a  ry  System 
model  mid  Etc  bulls  showing  eicctraptioretk 
BCpBJBllOTl  Of  10  MOipliCH  111  B-COlUinil. 


Figure  7;  Scbcranlic  ibrckcbmlalk  nKmbmnc- 
driven  Ln^d 


Elgare  H-  System  simulaUan  for  inkjet  Top  image 
shows  full  dim.'  sequence  and  lower  image  bIiqwb 
;i  close  up  of  Hie  droplet  ejaclion.  Eli  bolh  figures, 
the  Lop  yC'ii'iJi  is  the  pressure  lli  the  meniscus,  ihc 

ijiIlUIl-  i  -  IIi-j  nilniklil--  KkiiCiiiii  ;uuL  lli-j  ti l i [ I. n n i 
I  Ik;  ptisilicm  [Ml  driving.  lEK'mkmriL . 
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